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ABSTRACT
A series of visual experiments were designed to determine whether naive observers
typically evaluate chroma or colorfulness when judging color appearance. A total of 7
observers were asked to determine a color appearance match between Munsell samples
under the same illuminant (C) at different levels of illuminance. Color appearance
matches were determined for 12 Munsell samples, under five reference and matching
scene illuminance conditions, for four experimental techniques. The four
experimental techniques were haploscopic, simultaneous inspection, successive
inspection, and short-term memory matching. Results suggested that a chroma match
was most important when observers were evaluating the color appearance of two
scenes at different levels of illuminance. Results were also compared to predictions of
two color appearance models. While similar trends were apparent between the
experimental results and the two model's predictions, only the Hunt model's chroma
term satisfactorily predicted experimental observations.
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INTRODUCTION
The need to predict the color appearance of objects has necessitated terminology to
describe how the attributes of a color change with changes in illumination and
surround. This terminology has evolved into present CIE definitions for lightness,
brightness, colorfulness, saturation, and chroma (among others). The CIE definitions
for each of these terms are provided below.
Brightness: An attribute of visual sensation according to which an area appears
to emit more or less light
Lightness: The brightness of an area judged relative to the brightness of a
similarly illuminated area that appears white highly
transmitting.
Colorfulness: An attribute of visual sensation according to which the perceived
color of an area appears to be more or less chromatic.
Saturation: The colorfulness of an area judged as a proportion of its
brightness.
Chroma: The colorfulness of an area judged as a proportion of the
brightness of a similarly illuminated area that appears white or
highly transmitting.
These definitions have thoughtfully and conveniently been written to describe how
color appearance can be judged in the context of a scene or surround. While such
terminology is very useful during visual experiments, outside the laboratory color
appearance is usually evaluated in a purely intuitive fashion. The convenience of
color appearance terminology belies the fact that very little is known about the method
with which color appearance is typically assessed, and the conditions under which that
method of assessment might change.
The need for research regarding methods used for color appearance assessment is
apparent in the field of color reproduction. Recently a great deal of effort has been
directed toward hardcopy reproductions of softcopy displays. Because the luminance
differences between softcopy and hardcopy images can be large, and the resulting
color gamut that the two image types have in common is small, color reproduction is
made difficult at best. If it were possible to determine those viewing conditions when
relative color appearance was most important (CIE lightness and chroma), and those
conditions when absolute color appearance was most important (CIE brightness and
colorfulness), it would provide a useful starting point.
Recent models designed to predict color appearance have been described by Hunt
(1987), and Nayatani (1986). These models both incorporate color appearance
terminology and present these terms with equations designed to correlate with visual
observations. While these color appearance models attempt to provide a metric for
terms like colorfulness and chroma, the validity of these equations is unknown. A
considerable amount of phsycophysical data is needed to test these color appearance
models to determine the accuracy of their predictions.
This thesis is an investigation of CIE colorfulness and chroma with the intent of
determining the extent that either judgement is used to assess the color appearance of
object colors under a variety of viewing conditions. An experimental design has been
selected that allows the observer to evaluate color appearance according to their own
criteria, eliminating the risk of having observers alter their natural method of
assessment to suit color appearance terminology. In addition, the visual observations
provide useful data for the evaluation of the Hunt and Nayatani color appearance
models.
2.0 BACKGROUND
2.1 The Study ofColor Appearance
Recently, authors such as Bartleson (1979), andWright (1981) have addressed two
fundamental objectives behind the study of chromatic adaptation. The first objective
is theoretical in nature, seeking a better understanding of the visual mechanism. The
second objective is applied, in the sense that it's purpose is to generate useful
engineering data. These same two objectives can be said to apply to the study of color
appearance, which is simply a general extension of chromatic adaptation studies. The
objective of the current research is applied, as it seeks to generate color appearance
data for the evaluation of the color appearance models ofHunt and Nayatani. Wright
(1981) and Bartleson (1978) have summarized experimental techniques which have
been useful in applied studies of chromatic adaptation and color appearance. Those
techniques that were of potential interest for this research are briefly described below.
Haploscopic matching (or binocularmatching) has been one of the more frequently
used techniques in color appearance studies. In a haploscopic matching experiment,
the observer views a test field under a steady-state condition of adaptation with one
eye, while adjusting a matching field under some defined state of adaptation with the
other eye. The technique is less precise than matches that are made when viewing the
two fields with the same eye. A major drawback to haploscopic matching is its
dependence on the assumption that the state of adaptation of one eye has no effect on
the sensitivity of the other eye. According to Wright (1981), this assumption is not
strictly valid; however the effect that one eye has on the sensitivity of the other is
reportedly quite small.
Magnitude estimation (sometimes referred to as subjective estimation or direct
scaling) is another technique that has proven useful for the study of color appearance.
The observer is asked to subjectively estimate the magnitude of particular color
appearance attributes. There are a number of variations of this technique. In one form
of direct scaling the observer estimates the value of some characteristic for a reference
sample, and then judges the remaining samples relative to the reference sample by
memory. The reference sample may or may not be presented again during the
experiment (Bartleson, 1984). In another form of this method the observer compares
two samples, say, for lightness, in terms of the ratio of one lightness to the other
(Wright, 1981). A rating scale can also be used as a reference in direct scaling or
magnitude estimation. The rating scale is usually a horizontal line representing a
continuum, often with verbal indicators at equally spaced points along the scale
(Bartleson, 1984). Opinions regarding the usefulness of direct scaling or magnitude
estimation vary widely. However, the technique does offer the powerful advantage of
allowing samples to be viewed under normal conditions (using both eyes, without the
aid of optical devices).
Memory matching is another technique that requires mental estimation of the
magnitude of a sensation. Memory scaling differs from direct scaling in that the
observer, rather than assigning arbitrary numbers to color appearance attributes, is first
trained in the organization and terminology of a color order system. Once trained to
accurately assign values corresponding to the dimensions of a particular color order
system (such as the Munsell system), the observer describes color appearance
attributes in the experiment in terms of the memorized color scales. Since the color
appearance of a color order system is a function of the illumination, the surround, and
the angle at which the samples are viewed, the experiment must be performed under
defined viewing conditions to be valid (Wright 1981). Again, this technique has the
advantage of allowing the observer to use both eyes, and does not require the
interposition of any optical devices. The disadvantage of this technique is the time
required to train observers. A further disadvantage is that the color attributes that can
be scaled are limited by the dimensions of the color order system used (i.e. there is no
color order system with a dimension for CIE colorfulness).
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Helson (1938) used memory matching to study the hue, "saturation", and
"lightness"
of achromatic object colors in chromatic illumination. Experiments were conducted
inside a large wooden booth with dimensions 6'x 6'x 7' (see Figure 2-1). The
background was provided by lining the booth with either black, gray, or white
cardboard. In the ceiling of the booth were two
6"
x
6"
openings. One opening was
designed to allow only filtered light (red, green, yellow or blue) into the booth. The
second opening, when used with a MgO reflector, admitted light from a 2850K
source. Ground glass covered each opening to diffuse the light entering the booth and
provide uniform illumination. The stimuli were a series of 16 achromatic samples
ranging from black to white. The sample dimensions were 40 x 50 mm, and each
sample was placed in a holder to keep it flat and clean. The holders had a margin of
14.5 mm surrounding each sample (where the margin was of the same material as the
background). The margins served to separate the samples from each other and provide
uniform background effects. During observations the samples were placed in
haphazard order and subjects were instructed not to fixate too long on any one sample
while making a judgment. Table 2-1 outlines the illumination conditions used for
these experiments. Twenty-seven observers were trained in the Munsell system to
recognize and report on color differences in the three fundamental dimensions.
However, during the actual experiment, hue judgments were based on the primary
hues: red, green, yellow, and blue. Binary hues were named as red-blue or yellow-
green for example. If one hue was predominant, adjectives such as bluish-red or
yellowish-green were used. The evaluation of "saturation" and "lightness" was based
on a 10 point scale, where a value of 10 represented a maximum
"lightness"
or
"saturation", and a value of 0 a minimum. Observers reported judgments of
"lightness"
and
"saturation" in Munsell notation. Some observers used the "lightest"
ormost
"saturated"
sample in the field as a reference, while others maintained a
mental standard of the
"lightest"
ormost
'saturated"
color. Helson used the term
lightness "for object colors in preference to the terms brilliance, brightness or tint
which are reserved for the aperture mode ofviewing."No similar description for
"saturation"
was given. In present CIE terminology observers were probably judging
lightness and chroma. Experimental results indicated that samples of high reflectance
(relative to the background) took on the color of the illuminant, while samples of
intermediate reflectance appeared achromatic, and samples of lower reflectance took
on the complimentary hue of the illuminant. These perceptions of achromatic samples
viewed under colored adapting illumination are often referred to as the Helson-Judd
effect. Additional results found changes in the background were sufficient to produce
changes in hue for nearly all the samples. Changes in the illuminance level had a
smaller effect on hue, "lightness", and
"saturation"
than did changes in the
background.
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Figure 2-1. Helson's color booth. Filtered light entered through opening F.L. and
was diffused by ground glass before reaching the sample plane. White light was
introduced through opening F.L. when desired (Helson, 1938).
Table 2-1. Illumination conditions for Helson's experiments (Helson,1938)
Filter Transmittance
for 2850K
Low
Illuminance
Medium
Illuminance
High
Illuminance
None 1.0 15.06 lux 774.72 lux 1452.6 lux
Red 0.052 0.785 lux 39.81 lux 75.3 lux
Yellow 0.362 5.488 lux 279.76 lux 527.2 lux
Green 0.038 0.624 lux 29.05 lux 54.9 lux
Blue 0.0061 0.091 lux 4.73 lux 8.8 lux
Judd (1940) derived empirical formulas to compute hue, "lightness," and
"saturation"
using existing experimental data from the literature. Magnitude estimation
experiments were performed to test these color appearance equations for object colors
under five different illuminants. The sources included natural daylight from a south
window and four chromatic sources (red, green, yellow, and blue) produced by means
of a gas lamp and glass filters. Natural daylight provided an illuminance of about 540
lux, while the gas lamp supplied about 7500 lux. Six observers were asked to evaluate
a selection of fifteen Munsell color samples spread out on either a large dark gray, or a
white, cardboard background. The observers were asked to arrange the samples in
order of
"lightness,"
placing the lightest sample at the top and the darkest at the
bottom. The observers then estimated the sample magnitudes on a
"lightness"
scale
ranging from 0 to 10 (where 0 is black and 10 is white). Judd defined lightness as "the
attribute of any surface color which permits it to be classed as equivalent to some
member of the series of grays ranging from black to
white."Although not in strict
accord with the present CIE definition of lightness, it seems safe to assume that this is
actually what Judd's observers were estimating.
"Saturation"
was scaled in a fashion
similar to lightness, where a value of 10 was assigned to the "strongest daylight color
produced by any of the 15
samples,"
and a value of 0 was assigned to an achromatic
color. Judd defined saturation as "the attribute of any chromatic color which
determines the degree of its difference from the achromatic color most closely
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resembling
it." This definition, although phrased differently,is consistent with the CIE
definition of chroma. The observers assessed the hue of each sample using an 8-point
hue scale. While manipulating the samples, observers were not permitted to place the
samples next to one another except when forming estimates of lightness; for hue and
saturation estimates the samples were kept about one-half inch apart. Observers were
also instructed to avoid fixating on any one sample too long while making an
assessment. Results of these experiments were used to test mathematical constants
within the equations presented for the computation of hue, "saturation," and
"lightness."
Kruithof and Bouma (1942) used magnitude estimation to study the influence of
daylight and tungsten light on the hue of object colors. The daylight source was
completely overcast northern sky. The background was a large sheet of white paper.
The illumination level was approximately 140 lx. Test stimuli were provided by 100
fairly saturated color samples from the Ostwald Colour Adas. The samples were
placed face down in the comer of a large piece of white paper illuminated by one of
the two sources. The observer (after fully adapting to either daylight or tungsten light)
was asked to turn over one sample at a time, place it in the center of the white paper,
and assess it's hue. Hue was assessed on a 36 point scale with the principal colors
yellow (1), orange (7), red (13), purple (19), blue (25), and green (31). Between
every consecutive pair of principal colors there were five intermediate colors. An
example of these intermediate colors is given below:
(26) blue, containing a just perceptible amount of green
(27) blue, containing a considerable amount of green
(28) blue-green
(29) green, containing a considerable amount of blue
(30) green, containing a small amount of blue
If an observer perceived a sample as being between two of these intervals a fraction of
1/2 was attached to the appropriate number. When making judgments the observer
was instructed not to fixate on the sample for too long. If undecided about the hue of
a sample, an observation was interrupted by scanning the background for some time.
Two samples of similar hue were not evaluated in immediate succession. Two
observers made ten estimations for each sample and illuminant on different days.
Results found typical hue shifts to be of the order of only one unit or less on the hue
scale. Note that all of the samples selected for this study possessed "a fairly large
degree of saturation."It would have been useful to investigate the magnitudes of hue
shifts for various levels of equally chromatic samples (since it is probable that the
magnitude of a hue shift varies with the degree of saturation of a sample).
Helson and Grove (1947) used a matching technique to study changes in the color
appearance of object colors under approximations to illuminants A and C.
Observations were made in a dark room with side by side light booths. The
illuminance of both booths was approximately 50 fc. The background in the booths
was changed in steps, as the experiment progressed, by lining each booth with white
(N 9.5), gray (N 5.75), or black (N 1.25) cardboard. Seven observers examined a
series of 198 Munsell samples under illuminant A in one booth, and produced matches
under illuminant C in the other booth for each background condition. The chips
selected for matching were limited to the 10 major hues of the Munsell Book of Color.
For each hue, samples were selected at values 21, 51, and 8/. At each value, chroma
was sampled at 12, 16, and the highest chroma for that value. Observers were
thoroughly trained in the Munsell system prior to matching. Familiarization with the
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Munsell attributes of value and chroma was achieved by preliminary matching
sessions under an ordinary desk lamp. During the experiment the reference sample
was presented on a 3 x 5 card with a mask or shield of the same material as the
background exposing the color chip in the center. In the other booth matches were
made by sliding a mask, made of the same material as the background, over a series of
40Munsell constant-hue charts. The mask exposed a single chip. Interpolations and
extrapolations were permitted in all three dimensions (hue, value, and chroma) for any
match. Because viewing instructions (or restrictions) were not stated, the specific
procedure used when producing a match is unclear. Helson (1940) states:
In making a match, the observer looked at a sample in the A booth, then found a
match for this color in the C booth by moving the shield over one of the 40 constant-
hue charts so as to expose chips of different values and chromas. If the hue was not
correct the observer asked for "more blue," "less green,""more red"or whatever was
required.
Since no period of adaptation was mentioned, it is assumed that the observers viewed
each booth in immediate succession with both eyes. The observers did not replicate
any of their matches. Qualitative results showed similar changes in color to occur for
each of the three backgrounds, varying only in degree. Larger shifts in hue and
chroma were found for the black background. Shifts in lightness were found to be the
largest for the value 8/ samples when viewed against the black background, and for
value 2/ samples when viewed against the white background. In general the weaker
chroma samples changed more than the stronger chroma samples on all backgrounds.
Helson andMichels (1948) performed experiments with aperture colors to determine
the neutral point of the eye for various states of chromatic adaptation. Observers sat
facing a large booth lined with mat white cardboard. Illumination was provided by
three tungsten lamps with color filters. Light from a colorimeter was visible through
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an aperture in the surround. Observers adjusted the aperture spot to appear achromatic
under a variety of conditions: a dark surround, a
"white"
surround with a correlated
color temperature of 2848K, and with four chromatic surrounds (red, green, yellow,
and blue). The illuminance of each background was varied in two to five steps with
illuminances ranging from 0.03 fc to 8.63 fc. The observer was instructed to adjust
the colorimeter to produce an achromatic color for each surround condition. The
achromatic point was determined for a low, medium, and high luminance of the
aperture spot. Three observers made at least two observations for each condition.
Results for the aperture spot of low illuminance relative to the surround found the
chromaticity coordinates of the achromatic point to approximate those of the
background. At higher illuminances the coordinates approximated those of the white
point determined for the dark surround.
Hunt (1950) used haploscopic matching to study the effects of daylight and tungsten
light adaptation on the appearance of aperture colors. Rectangular matching field
apertures appeared in the center of a large white screen surround. The screen was
illuminated with approximations to illuminants A and B. Shutters briefly revealed the
matching field every few seconds. The test stimulus was presented to the left eye
which was adapted to the desired level. The right eye remained dark adapted while
matching the test stimulus, in color and brightness, with a colorimeter. Matches were
made on 1 1 test colors while the observer (Hunt) was dark adapted and light adapted.
The illuminance of the surround was 19.4 lux while the illuminance of the test colors
was about 7.53 lux when dark adapted, and 24.75 lux fc when light adapted. Three
successive matches were made for each stimuli to provide an indication of precision.
An additional experiment was performed in an effort to eliminate simultaneous
contrast (or chromatic induction). An auxiliary shutter was provided such that the
light reflected from the adaptive field was obstructed when the matching field was
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visible. Results of this experiment indicated that the contribution of simultaneous
contrast to changes in saturation and hue were minimal when compared with the
changes resulting from chromatic adaptation. General experimental results showed
stimuli to appear bluer under adaptation to illuminant A. This effect was accounted
for by the depression in the sensitivity of red and green receptors influenced by
adaptation to tungsten light. In addition to this, most samples appeared much more
colorful to the light adapted eye.
Brown (1952) used haploscopic matching to study the effect of field size and
chromatic surrounds on color discrimination. The various surround colors Brown
used were red, green, blue, white, or black, while the matching field colors were red,
green, blue, or white. Two observers produced matches for each of the matching field
colors in the presence of each surround color. The randomized sequence of matches
were made for matching field sizes of 2 and 12 degrees. Unfortunately, luminance
levels were not held constant formatches of different colors or sizes. Color
discrimination was found to improve for the largermatching field. For the smaller
matching field the chromaticity of the surround was found to influence color
discrimination. In general, the closer the surround color was in chromaticity to the
matching field color, the greater the color discrimination (later termed the "crispening
effect"
by Takasaki, 1966).
Burnham, Evans, and Newhall (1952) used haploscopic matching to study the effects
of adaptation to tungsten and daylight illumination on color perception. The adapting
field for each eye was provided by a large piece of white baryta-coated paper. The
left field was illuminated by approximations to either illuminant A or C. The right
field was always adapted to illuminant C. The luminance of the right adaptive
surround was held constant at 120 cd/m-sq, while matches were made with the left
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surround at 120, 12.0, and 1.2 cd/m-sq. The test and matching stimuli were provided
by rectangular apertures that transmitted light from two colorimeters. Stimuli were
presented in the surface color mode of appearance. The six observers matched
twenty-two test colors in brightness and chromaticness for each illumination and
luminance condition. Five replications were made for each test color. Observers
varied in their exact procedure of producing a match. The experimental results
confirmed Hunt's findings that colorfulness is reduced at lower levels of illuminance.
Smaller shifts in chromaticity for matches at lower luminances indicated that
chromatic adaptation becomes less complete with decreasing luminance.
Helson, Judd, andWarren (1952) used memory matching to study color appearance
changes of object colors under daylight and tungsten illumination. Observations were
made alternatively underMacbeth daylight 6700K and under a tungsten
approximation to CIE illuminant A. The daylight and tungsten sources had
illuminances of 785 lux and 613 lux, respectively. Sixty Munsell test colors were
used, and 1 1 of these were evaluated at a time against either a white, gray, or black
background. The background luminances are given in Table 2-2. Nine observers
trained for approximately eight hours to give accurate and precise estimations of hue,
Munsell value, andMunsell chroma for various test stimuli presented. Training was
accomplished in a systematic fashion by first using the Munsell Book of Color to
familiarize observers with the concept of equal perceptual spacing of hue, value and
chroma. The observers were then asked to place Munsell color chips on student charts
and to compare their ordering with the Munsell Book of Color. Next the observers
were required to place a single chip on a chart without the aid of any additional chips
to establish a continuum. Finally the observers were required to estimate the hue,
value, and chroma of chips without reference to the Munsell Book of Color. Out of
the nine observers trained, the six best were chosen for the final experiments. The
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training sessions were performed in a room with northern daylight exposure that
provided a good approximation to illuminant C. During the final experiments hue was
evaluated on an eight point scale in terms of the four psychological primaries and their
binary hue combinations. Observers were permitted to report their estimates of value
and chroma in half or quarter unit steps, and often did so, making value and chroma
more than eleven step scales. Differences in the estimatedMunsell notations in each
viewing condition provided a measure of the differences in color appearance. In
Helson's terms observers were judging hue, "saturation," and "lightness." In present
CIE terminology observers were evaluating hue, chroma, and lightness. Results
indicated that luminance factor strongly influenced color appearance. Color
appearance predictions made using a von Kries transformation were in fair agreement
with the experiment a data (which suggests that observers were making relative
judgments).
Table 2-2. Background luminances (in cd/m-sq) used by Helson, Judd, and
Warren (1952).
Background Source C Source A
Black 2.2 1.7
Gray 15.4 12.0
White 57.2 44.2
Hunt (1952) carried out further haploscopic experiments to investigate how "apparent
saturations"
of colors change with changes in the adaptive luminance level. The
apparatus used in this experiment was different from that used in Hunt's previous
study (Hunt, 1950). The adapting fields consisted of light emanating from separate
lamps that were optically presented to the observer. Both the reference, and the test
adaptive fields were approximations to illuminant B. The reference field luminance
was kept at 8.07 cd/m-sq throughout the experiment. The test field luminance was
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varied in seven steps (by inserting neutral filters) from 0 to 1076 cd/m-sq (see Table
2-3). At each adaptation level,
Table 2-3. Adapting luminances used by Hunt, where the color of the adapting
illuminant was in all cases that of standard illuminant B (Hunt, 1952).
Level Adapting
luminance
(cd/m-sq)
Approximate
equivalent
conditions
A 100.0
B 6.0 Sunset
C 0.75
D 0.25 hour after sunset
E 0.03
E 0.007 Five times full moon
Z 0
eight different colors of medium purity were matched. The colors of these stimuli
were achieved by glass filters. The luminance of the test colors varied both above and
below that of the adapting surround. Investigations were made for one test field size
of 20 degrees. Two observers participated in the experiment, and one observer (Hunt)
produced two replications of each match. Results of this experiment (and others) lead
to what is often called the "Hunt effect."The Hunt effect describes the increase in the
colorfulness of stimuli with increases in adapting illuminance. Another similar
experiment (Hunt, 1953) was performed to test this effect for smaller matching field
sizes, with similar results.
Wassef (1955) used haploscopic matching to study the color appearance of surface
colors. In addition, preliminary experiments were performed to determine whether the
state of adaptation of one eye influenced that of the other. In the preliminary
experiments observations were made on Wright's colorimeter. Relative luminous
efficiency values of the right eye were measured for a number ofwavelengths while
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the left eye was dark adapted in one case and light adapted in the other. Differences in
the measured values for the two cases indicated that the state of adaptation of one eye
had an effect on the other eye (but these differences did not exceed the 5 percent
significance level except at a few wavelengths). It was determined that the effects
were not large enough to influence the results drawn from observations with the
binocular viewer. In the main experiment Munsell samples were viewed in an
apparatus with a black surround or a white surround (see Figure 2-2). A reference
sample was pressed against the wall of one of the compartments. In the other
compartment the operator presented the observer with aMunsell sample from the
Adas charts of constant hue. The observer compared this sample with the reference
and if it did not match he asked for a different hue, or a higher or lower chroma or
value. If an exact match could not be found among the samples it was estimated by
interpolation (or extrapolation) in all three attributes. The observer was unable to
view both fields simultaneously; the technique was rather a quick memory match
where the standard was always available for comparison. Each sample was matched
once with the left eye and once with the right eye. Matches were determined between
approximations to illuminants A and C, A and B, and B and C. Results were
qualitatively consistent with other color appearance studies.
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Figure 2-2. Binocular viewing apparatus used by Wassef (Wassef, 1953).
MacAdam (1956) used differential retinal conditioning to study corresponding colors
for different states of chromatic adaptation. In this experiment two halves of a
colorimeter were filled with different adapting colors. Every ten seconds, for one
second only, a test color replaced the adapting color in one half of the colorimeter, and
three adjustable primaries replaced the adapting color in the other half. The observer
fixated on the dividing line between the two fields while adjusting the primaries to
produce a match. By maintaining his gaze on the center of the dividing line, the
observer would locally adapt to the two halves of the colorimeter. This local
adaptation caused chromatically different adapting colors to appear almost the same
during the nine-second adaptation period. Thus, when two physically identical colors
were presented in the two halves of the colorimeter field during the one-second
exposure, they appeared very different.
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Figure 2-3. MacAdam's differential retinal conditioning apparatus showing
MacAdam's-operated vanes for alternating adapting and test colors (MacAdam, 1956).
Two observers produced matches for 29 test colors. At least three replications were
made for each match. Table 2-4 MacAdam's the adapting conditions under which
matches were made. The corresponding colors determined using this technique were
compared with those predicted by a Von Kries transformation. Systematic
discrepancies lead MacAdam to hypothesize a five receptor system whose responses
merged into three channels.
Table 2-4. Adapting conditions used by MacAdam (1956).
Day./Tung. Day./Red Day./Grn. Day./Blue Grn/Pink
X 0.319/0.338 0.296/0.712 0.265/0.318 0.269/0.137 0.415/0.50
y 0.338/0.401 0.313/0.288 0.336/0.499 0.324/0.074 0.488/0.35
Y 44.8/46.2 123.5/112.2 164.2/206.9 76.1/30.2 121/97.2
Burnham, Evans, and Newhall (1957) performed a second haploscopic experiment
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Burnham, Evans, and Newhall (1957) performed a second haploscopic experiment
similar to their previous study in 1952. Improvements were made by using four
highly trained observers who were instructed to follow a strict observing procedure.
These specific observing procedures minimized variability from shifting criteria of the
match. Twelve stimuli were matched under illuminants C, A, and a green illuminant.
All backgrounds were held at a constant illuminance of 85 cd/m-sq. The matching
fields were intermittendy exposed for one-third of a second every second to allow
general adaptation to the surround illuminant. It was determined that a 30% exposure
time, for these matching conditions, allowed maximal adaptation to the illuminant.
This experiment obtained larger color shifts than the previous study, indicating a more
complete adaptation to the surround illuminant. Results of this experiment were
MacAdam's with the previous study, and were used to make color appearance
predictions under different adapting illuminations.
Jameson and Hurvich (1959) used a form of magnitude estimation to evaluate the
influence of focal stimulation, surround, and preceding stimulus variables on color
perception. The surround and adapting stimuli consisted of broad distributions of
varying luminance and chromaticity. The test stimuli were narrow spectral bands of
various wavelengths and luminances. Two observers evaluated "saturation" and hue
as test stimuli were varied in wavelength against a desaturated blue-green surround as
well as a highly saturated yellow-red surround. The judgment of
"saturation"
was a
percentage estimate of the relative amount of chromatic component in the perceived
test color. Since no reference white was available in the field of view it is assumed
that observers were indeed judging CIE saturation. The observers judged saturation
for test stimuli of 48, and 95 cd/m-sq, against a 95 cd/m-sq surround. Hue was
estimated by assigning a percentage of blueness or yellowness and redness or
greenness to the stimuli. The hue assessment was made for various test field
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luminances in the presence of an unchanged surround. Five observers made
"perceived brightness" judgments relative to an arbitrary number assigned by the
experimenter to the surround (CIE lightness). Experimental results showed saturation
to be depressed in the spectral regions of the adapting surround due to adaptation.
Saturation was higher for test stimuli of higher luminances (the Hunt effect).
Surrounds of given hues and luminances strongly reduced the lightness of test stimuli
of lower luminance.
Wassef (1959) used haploscopic matching to study the relationship between
tristimulus values of corresponding colors. The apparatus was an improved form of
the binocular viewer used previously (Wassef, 1955). Munsell samples were viewed
next to a black aperture and placed against a white diffusely reflecting sample. The
purpose of the aperture was to avoid stimulation of corresponding retinal regions by
the adapting illuminants during matching. One compartment of the viewer was
illuminated with standard illuminant C, and the other with illuminant A. The test
stimuli were 10 samples of the majorMunsell hues which had value 5, and chroma 6.
Wassef concluded that the tristimulus values of corresponding colors were linearly
related.
Jameson and Hurvich (1961) used both matching and magnitude estimation
experiments to study "perceived
brightness." In the matching experiments a test
pattern of different luminances was projected onto a screen (see Figure 2-4). The
overall illumination of the test pattern was varied in three steps through a range of1.1
log units. The observers matched the "apparent
brightness"
of each square within the
test pattern using a matching field contained within a shielded cubicle direcdy in front
of him. The matching field was a rectangular aperture with a continuously variable
luminance. The aperture was centered in a surround which was illuminated by
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inspection of the two fields. Results of the matching experiment found the "perceived
brightness"
of each individual area within the test pattern to have a different
dependence on scene luminance. Lighter patches within the test pattern increased in
"apparent brightness" (at different rates) as scene luminance was increased. The
"apparent brightness" of the left square in the test pattern remained nearly constant
with increases in scene luminance. Finally, the darkest square within the test pattern
became darker with increases in scene luminance.
Because observers were matching the "apparent
brightness"
of individual squares
within the test pattern using an aperture located in the center of an bright surround, the
expansive "apparent brightness" scale was suspected of being an artifact of the
experimental conditions. To test whether this was the case, magnitude estimation
experiments were performed in which only the matching stimulus field was used. The
illuminated surround was assigned an arbitrary brightness magnitude of 100 and held
at a constant illuminance of 191 cd/m-sq. With the surround as a standard for
comparison the same observers assigned numerical estimates to the "apparent
brightness"
of the test stimulus (CIE lightness). Observers made judgments as the
luminance of the test stimulus was varied in a series of nine steps that covered a range
of three log units (see Figure 2-5,6). Results from this experiment were used to
"calibrate"
the luminance units of the matching experiments in units of "apparent
brightness." Functions relating scene luminance to "apparent
brightness" (CIE
lightness) confirmed the conclusions from the matching experiment.
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Figure 2-4. Test pattern (left) and matching field (right) used by Jameson and
Hurvich (1961). Striations are intended to illustrate density differences.
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Figure 2-5. (left) Relations between luminance ofmatching field and estimations of
brightness, (right) Relation between luminance gradient of test pattern and brightness
for three levels of general illumination (Jameson and Hurvich, 1961).
Stevens and Stevens (1963) combined a haploscopic apparatus with magnitude
estimation to study the effects of light MacAdam's perceived brightness. A large
adaptation field was provided by a piece of white cardboard illuminated from the side,
and from behind the observer. In four separate experiments the observers right eye
was adapted to 97 dB, 79 dB, 63 dB, or darkness. The left eye remained dark adapted.
The test stimuli consisted ofmilk Plexiglass illuminated from behind by a projector.
The test stimuli were presented for two seconds, during which time the adaptation
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lights were extinguished. A ten second period elapsed between the presentation of
each stimulus. Test stimuli of various luminances were presented alternately to the
right or left eye. The brightness of the first stimulus (presented to the left eye) was
arbitrarily called 10, and the observer was asked to assign numbers to subsequent
stimuli in proportion to the apparent brightness. After the entire set of stimuli had
been assessed, the standard was again identified, and the stimuli were presented again
in a different order. Ten observers participated in the experiment. "Subjective
brightness"
was found to fall with illumination level. Results of these experiments
were used to determine the exponent governing a
"brightness"
power function.
Stevens obtained, in log-log coordinates, straight lines whose slopes ranged between
0.26 and 0.33. In present CIE terminology these experiments were scaling lightness.
Hunt (1965) constructed a haploscopic colorimeter for the measurement of color
appearance. The left eye viewed a test scene directly without any optical system
except for a black shutter that could be positioned to obstruct the field of view. The
right eye viewed a colorimeter matching field in the center of a uniform surround
(which could also be blocked by the black shutter). The adapting surround was
provided by light from a lamp and color filter which was optically presented to the
right eye. The luminance of the reference adapting field was set at 3600 cd/m-sq, with
a color temperature of 4000K, to approximate typical sunlight levels. Matches were
performed by adjusting the shutter to its central position, allowing both scenes to be
viewed simultaneously. The matching field seen in the right eye then appeared to be
superimposed upon the test scene viewed by the left eye. With the two fields
superimposed, a rough match was made. The shutter was then operated by hand to
allow alternate viewing of the two fields. Finer adjustments were made by viewing
each field for about 2 seconds. During matching observers were instructed to not
fixate their viewing, hopefully minimizing local adaptation and afterimages. Three
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observers evaluated 16 object colors under six different viewing conditions: bright sun
(43,000 lux), overcast (10,000 lux), north-sky (4300 lux), Xenon Arc (1000 lux), and
tungsten projector (160 lux). As a test of precision the author performed matches on
two different days. Results of these experiments indicated that chromatic adaptation
was incomplete, and confirmed results of other experiments such as Hunt (1950, 1952)
and Stevens (1963).
Scheibner (1966) used haploscopic matching to study adaptive color shifts. Light
transmitted through interference filters was used to form the adapting surrounds in
both fields, as well as the test stimuli to be matched. One neutral surround, and
fourteen weakly chromatic surrounds were chosen for adaptation. Surrounding field
retinal illuminances ranged from 250 to 300 td. For 1 out of every 9 seconds the test
stimuli and the colorimeter matching field appeared in the center of their surrounds.
Test stimuli had retinal illuminances of approximately 300 td. Results indicated that
the Von Kries coefficient law did not generally hold.
Takasaki (1966) used a matching technique to study lightness changes induced by gray
backgrounds on gray samples. Two series of gray samples were mounted in order of
lightness on separate wheels. One 60 step series produced by theMunsell company
was mounted on a 14 inch wheel and placed in front of the observer to his right. The
second series of eleven samples was composed of every sixth sample extracted from
the sixty step series. The extracted series was mounted on a 6 inch wheel and placed
to the left of the observer. Two gray backgrounds with 1/2 inch square windows at
their centers were placed on top of the two wheels. The background pairs had Munsell
values N1/-N9/, N3/-N7/, N4/-N6/, N1/-N5/, and N5/-N9/. The observer adjusted the
large wheel such that the standard and large wheel samples looked equally light To
obtain a measure of uncertainty the observers selected a sample which looked slighdy
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darker than the standard, and a sample that looked slightly lighter than the standard.
Observations were made at 100 and 600 lx for two test area sizes. Takasaki found that
the lightness of a sample changes rapidly when the luminance factor (Y) of the
background is close to that of the sample. Takasaki called this phenomenon the
crispening effect.
Bartleson and Breneman (1967) used both magnitude estimation and haploscopic
matching to measure
"brightness"
perception in complex fields. The complex fields
consisted of black and white photographic prints or transparencies. In each of these
two techniques a total of ten test images were used at various levels of illuminance:
five reflection prints with illuminated surrounds, and five projected transparencies
with dark surrounds. In the magnitude estimation experiment the observer's attention
was directed to some arbitrary point within the photographic print or transparency.
The observer assigned a scale value to this anchor point, and then proceeded to assign
values to each of several other areas within the image, relative to the anchor. Three to
ten replications were made for each scaled image point. In the haploscopic matching
part of the experiment the observer viewed a large illuminated surround containing a
central adjustable matching field with one eye, while the other eye viewed a
photographic print or transparency. The observer was asked to produce a "brightness"
match between some area of the test image and the central matching field. The
objective of these experiments was to derive a generic function relating "perceived
brightness"
to scene luminance. Bartleson and Breneman found that "relative
brightness" (or CIE lightness) remains relatively constant over large changes in
illuminance, and that brightness functions depend strongly on the scene itself, the
context of the stimulus within the scene, as well as the level of illumination. In
Bartleson's terms these experiments were scaling or matching "relative
brightness"
and
"brightness." In present CD5 terminology these experiments were scaling lightness
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and brightness.
Takasaki (1967) studied chromatic induction for backgrounds of different
chromaticities with constant lightness. Two series of color samples, designed to
change only one of the Judd primary responses, were prepared by theMunsell Color
company. One series varied from red-to-green in small steps, the other series varied
from reddish-blue to greenish-yellow. All samples of a series were mounted on a 35-
cmmatching color wheel. Selected samples chosen to subdivide the series into nearly
equal steps ofMunsell value were pasted on a smaller 15-cm wheel. Backgrounds
chosen from the same series covered the two wheels. Small holes were cut in the
backgrounds to expose only one sample from each wheel. The selected samples were
thus matched with samples from the series. Vertical illumination of about 1 80 lux was
provided by a xenon arc lamp. Observers were instructed to define the range of series
samples which matched a selected sample by rotating the big wheel. Results
suggested a chromatic crispening effect analogous to the lightness crispening effect
previously noted.
Ishak, Bouma, and Van Bussel (1969) performed magnitude estimation experiments to
test the adequacy of the technique as a method of studying the color appearance of
object colors. A series of sixty Munsell samples were viewed at a 45 degree angle in a
light booth set in a dark room. The samples were viewed against seven different
backgrounds: black, gray, white, red, yellow, green and blue, illumination was
provided by a fluorescent lamp with a correlated color temperature of 6500K, and a
color rendering index of 95. The illumination level was 500 lx. Two observers were
trained to give estimates of hue, saturation, and lightness for each sample. Five
replications were made for the black background, and three replications were made for
each of the remaining backgrounds. Hue estimations were made using the four unique
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hues: red, yellow, green, and blue. The observers assigned percentages to the two
unique hues present in a sample. As an example, an estimate of 20R-80Y would
represent a color perceived as 20% red and 80% yellow. Unique hues would be
judged as 100 red or 100 yellow etc. Saturation was estimated on a subjective scale
where 0 represented an achromatic color, and a value of 100 was assigned to the
maximum imaginable saturation for that particular hue. The maximum value of
saturation was the purely subjective idea of each observer. For lightness assessments a
white Munsell sample of value 9.5 was presented with the test sample as reference.
The test sample and the reference were separated during viewing to avoid the effects
of simultaneous contrast. The reference sample was considered to have a lightness
value of 100, and the observer judged the lightness of the test sample as some ratio of
the reference. Results indicated a reasonably high degree of reproducibility for the
subjective estimations. The reproducibility of a number of haploscopic and subjective
estimation studies were compared. Although differences in the scales used and the
spread statistics reported for different studies made comparisons difficult, it was
concluded that haploscopic studies provided a slighdy higher degree of
reproducibility.
Nayatani et al., (1972) studied the reproducibility of the magnitude estimation
technique, on surface colors, using a fluorescent lamp with a high color-rendering
index. The fluorescent light source had a correlated color temperature of
approximately 5000K, and a color-rendering index of approximately 97. The
illuminance for each sample was kept at approximately 1000 lx throughout the
experiment. Samples were viewed at a 45 degree angle in an observing booth that was
prepared with inner walls ofMunsell value 7. Fifteen observers assessed the hue,
saturation, and lightness of 100 test colors. Hue estimations were based on the unique
hues, red, yellow, green, and blue. Observers estimated the percentage of the two
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unique hues present in each sample. Saturation was evaluated by assigning a value of
100 as the maximum attainable saturation for surface colors of each hue. Lightness
was assessed in a similar fashion to saturation, by assigning a value of 100 to the
maximum lightness of a surface color (which was the purely subjective idea of each
observer). Observers were instructed to make estimations in less than 30 seconds by
viewing the background and the sample successively. Three replications were made
for each test color. Results showed the magnitude estimation technique to be fairly
accurate, with larger between observer variability than within observer variability.
Mori et al., (1972) carried out magnitude estimation experiments to determine the
relationship between the color attributes of surface colors and the color rendering
properties of illuminants. This study was a continuation to the work ofNayatani et al.,
(1972), with identical experimental procedures. Four fluorescent light sources and
one incandescent source were used to illuminate the test samples. The illuminance
level was kept at approximately 1000 lux for each of the light sources. Three of the
fluorescent lamps had correlated color temperatures of 5000K (with different color
rendering properties), one fluorescent lamp had a correlated color temperature of
6500K, and the incandescent lamp had a correlated color temperature of 2850K.
Three observers assessed the hue, saturation, and lightness of fifty mat color samples.
Each observer made three to five estimations for each combination of attribute, color
sample, and illuminant. Results were used to derive empirical equations relating
perceived color coordinates to colorimetric values, and compare the perceived color
space with Munsell and CIEL*u*v* spaces.
Pitt andWinter (1974) used a "short-term memory
matching"
technique to study the
effect of surround on perceived saturation. A transparency illuminator provided a
surround with a correlated color temperature of 5300K and a luminance of 250 cd/m-
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sq. Various Wratten filters were placed in the center of the surround to provide a
constant stimuli. Next to the illuminator was placed a black surround of equal size. A
mirror reflected light from a colorimeter into the center of the black surround. The
observer adjusted the controls of the colorimeter to produce a match between the
Wratten filter in the light surround and the variable stimulus in the dark surround.
These "short-term memory
matches"
were made in a dark room. No viewing
restrictions were placed on the observers, who generally spent more time viewing the
variable stimulus than theWratten filter stimulus. The observers state of adaptation
was then effected by some unknown combination of the two fields. The colors of the
five filters matched in the experiment were red, green, blue, cyan, magenta, and
yellow. Three observers matched each filter twice. In addition to matching simple
stimuli, another experiment was performed using a more complex scene. The
complex scene consisted of a mosaic of six adjacent color filters (see Figure 2-6).
Two identical mosaics were used: one placed in the illuminator as before, the other
placed in an adjacent illuminator with a dark surround. Five observers were asked to
match each color of the mosaic in turn by placing various neutral and color filters over
either one of the mosaic colors. Results of these experiments showed that a dark
surround increases the apparent brightness of a color while also reducing its apparent
saturation.
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Red Cyan
Green Magenta
Blue Yellow
Figure 2-6. Mosaic of six filters used to create a complex scene (Pitt and Winter,
1974).
Sobagaki et al., (1974) performed magnitude estimation experiments to study the color
appearance of surface colors under approximations to illuminants A and D65.
Thirteen observers assessed the hue, lightness, and saturation of 95 test colors using
the same method and apparatus as Nayatani et al., (1972). The test colors were
selected from 20 constant-hue series that had Munsell hue prefixes 5 and 10. The
illumination was maintained at approximately 1000 lx throughout the experiment.
Results showed that the degree of color constancy of hue and saturation is different for
different Munsell hues. Lightness constancy was found, irrespective of changes in
chromatic adaptation.
32
Valberg (1974) used haploscopic matching to study chromatic induction. The
apparatus is illustrated in Figure 2-7. The surrounds were provided by two BaS04
screens. Test colors were presented in the surface color mode of appearance. In an
experiment to investigate the effects of surround luminance on color induction, the test
stimuli surround was varied between 32 and 95 cd/m-sq. The luminance of the test
stimuli was held constant at 32 cd/m-sq. The matching surround was kept between 25
and 38 cd/m-sq. The increase in luminance induced colors of lower lightness but of
constant chromaticity. In separate experiments the effects of chromatic light, angular
size of the inducing stimulus, and time of fixation on the test field were investigated.
Results were used to develop equations for the prediction of chromatic induction.
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Figure 2-7. Valberg's haploscopic matching apparatus (left). The fields as viewed
during matching (right) (Valberg, 1974).
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Hunt andWinter (1975) performed experiments to determine an observer's white point
when viewing transparencies under typical conditions. A diagram of the apparatus can
be seen in Figure 2-9. Projector A illuminated a white screen providing an adapting
field of known correlated color temperature and fixed luminance. Light from
projector B passed through pale color filters before being reflected to the observer by
a mirror. Experiments were made with the adapting field luminance set at 35 cd/m-sq
(to compare with average projected transparencies), and at 70 cd/m-sq. Eight
observers were shown a range of pale colors in the adapting field and asked to
describe each color in turn. Each color was viewed for five seconds and described in
terms of the four primary psychological hues: red, green, yellow, and blue. A color
patch that appeared achromatic was described as gray. Observations were made for a
series of 1 1 correlated color temperatures ranging from 2985K to 17240K.
Additional experiments were performed with mixed color temperatures to simulate a
tungsten projection transparency viewed under fluorescent or daylight ambient light,
or a television viewed with tungsten ambient lighting. Results of the experiments
found adaptation to be incomplete with the exception of color temperatures in the
range of 5500K to 6500K. Adaptation was more complete when the adapting field
luminance was higher.
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Figure 2-8. Diagram of apparatus (Hunt and Winter, 1975).
Breneman (1977) combined a haploscopic technique and magnitude estimation to
study perceived saturation for complex stimuli viewed in light and dark surrounds.
Previous experiments with simple fields had shown a considerable loss in saturation
for test stimuli in dark surrounds (Hunt, 1950; Pitt and Winter, 1974). It was desirable
to see whether the surround luminance of more complex stimuli would produce
similar effects. The configuration of the test target can be seen in Figure 2-9. The
color patch, Ci, and the neutral reference patch of approximately equal lightness, Ni,
were surrounded by four neutrals ranging in Munsell value from about 2 to 9. Two
such targets were made: one with a surround reflectance of 20%, and the other with a
completely dark surround. The illumination level, as well as the neutral samples in
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the dark surround target, were adjusted until the two targets appeared to have the same
brightnesses and contrasts in corresponding areas. A haploscopic technique was used
in preliminary experiments in which six observers were asked to judge the relative
saturations of Munsell test colors of the same hue and apparent lightness in the two
different surround conditions. Observers first judged which of the two samples was
more saturated, and then expressed the less saturated sample as a percentage of the
other. A similar preliminary experiment was performed in which a colorimeter was
used to allow the observer to adjust the sample on one side to match the other. Results
from these preliminary experiments were not in agreement and this was attributed to
local adaptation to the colorimeter stimulus which was viewed at longer intervals
while adjusting to make a match. The principle experiment was designed to allow
identical tasks for both the light and dark
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Figure 2-9. Configuration of Breneman's complex target (Breneman, 1977).
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surrounds while avoiding the problems associated with haploscopic techniques. The
observer would alternate viewing between each surround, by moving his head from
side to side, such that only one viewing condition could be seen at a time (see Figure
2-10). This method was possible because both viewing conditions used the same
quality of illuminant, and similar illumination levels. In this experiment a fixed
stimulus presented in one surround, was compared successively with three different
stimuli in the other surround. The three variable stimuli were of roughly the same hue
and lightnesses, but varied in Munsell chroma. The variable stimuli covered a
Munsell chroma range of four units and provided saturations that were both higher and
lower than the fixed stimulus. The presentation of the stimuli were randomized such
that the most saturated sample was equally likely to appear in either surround. Results
of this experiment suggested that complex stimuli viewed in a dark surround need not
be of higher saturation to appear the same as complex stimuli in a light surround.
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Figure 2-10. Schematic views of Breneman's apparatus (Breneman, 1977)
Pointer et al., (1977) used magnitude estimation to study the color appearance of
aperture colors in the surface color mode of appearance. Colors of constant luminance
were presented in the center of either a tungsten (illuminant A) or daylight (D65)
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surround. The adapting field luminance was set at 120 cd/m-sq. The observers were
asked to scale hue and "saturation." Hue was scaled in terms of the four psychological
primaries: red, green, yellow, and blue. The observer was first asked to name the
dominant hue and estimate its amount as a percentage, and then estimate the
percentage of secondary hue present. A gray scale was provided in the observers field
of view to help with estimating
"saturation." The gray patch that most closely
resembled the test stimulus in lightness was selected, and the observer estimated the
magnitude of difference between the gray patch and the test stimulus on an open
ended scale. Five observers scaled each of 60 test colors three times for each surround
condition. The 60 test colors were first scaled in the daylight surround and then in the
tungsten surround (in random order). While the author does not provide a definition
for "saturation," it seems that the scaling technique would be MacAdam's with the CIE
definition of chroma. Results were used to map contours of constant hue and
saturation for each adapting condition.
Trocianko (1977) used the same matching technique as Pitt andWinter (1974) to
study the effect of subtense and surround luminance on color perception. Four
viewing conditions were used for these experiments (see Figure 2-1 1). The
transparency illuminator with a surface color temperature of 5300K and luminance
220 cd/m-sq provided the light surround L. The reference color C was a Kodak
Wratten filter, and the matching colorC was a mirror integrating box from a
colorimeter. In viewing conditions 1, 2, and 3 a gray bordermade ofmat cardboard
was illuminated from the side by a slide projector. The observer was asked to match
the reference color, using the colorimeter, and to check the match by viewing the two
stimuli alternately until the best possible match was obtained. Eleven Wratten filters
were presented to the observers. Four observers made each match on three separate
occasions for internal consistency. In addition, each observer matched the light
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surround to give an indication of his white point. The experimental results indicated:
(A) increased induction increases perceived saturation, and (B) increases in the area
of the chromatic stimulus increase the perceived saturation to a lesser degree than (A).
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Figure 2-11. Viewing conditions presented to each observer. L = light surround (220
cd/m-sq), D = dark surround, G = gray border (15 cd/m-sq), C = reference color, C =
matching color (Troscianko, 1977).
Bartleson (1979a) used direct scaling or magnitude estimation to observe changes in
color appearance with variations in chromatic adaptation. The experiment was
designed to study the influence of correlated color temperature, illuminance, sample
luminance factor, and surround induction, on color appearance. Adaptive shifts were
studied under illuminant A (2856 K), D50 (5003 K), and D65 (6504 K). A series of
24 aperture colors were presented in a white surround that was illuminated at three
different levels (200, 500, and 1000 cd/m-sq.), making a total of 72 stimuli in all.
With the exception of one experiment in a dark surround, all stimuli had luminance
factors well below that of the surround, causing stimuli to be presented in the surface -
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colormode of appearance. A shutter, made of the same material as the surround, was
provided to reveal the test stimulus for a period of 2 seconds, followed by a 10 second
period when the observer viewed a uniform field. Seven observers were asked to
assign numbers to the magnitudes of color perceptions experienced for each stimulus.
Observers trained for periods of up to 3 hours to recognize and scale, in CIE terms,
lightness, saturation, and hue. Bartleson states that observers learned to distinguish
between absolute colorfulness, saturation, and chroma. Lightness was scaled during
the training phase of the experiment, while hue and colorfulness were scaled in the
main experiment. Observers scaled hues as proportions of unitary hues (red, green,
yellow, and blue). The only constraint when scaling saturation was that a modulus of
zero represented achromaticity. The results found perceived hue to vary primarily
with the color temperature of the illuminant. Saturation was found to vary with color
temperature, luminance factor, and illuminance, while chroma showed little change
with illuminance. Lightness was found to vary with luminance factor, and was
essentially independent of color temperature and illuminance.
Trocianko (1982) used magnitude estimation to study colorfulness as a function of test
field size and surround luminance. Aperture colors were projected into an adaptation
box using a slide projector with color filter slides. The chromaticity of the adapting
box was adjusted to approximate D65. A shutter exposed the aperture stimuli for 2
out of every 12 seconds. Experiments were performed with thestimulus luminance
kept constant at 68 cd/m-sq while the surround luminance was varied in four steps
from 256 cd/m-sq to 0. Thus, the influence of luminance factor on colorfulness was
studied. The experiments were again performed with a 10 degree stimulus test field,
instead of a 1 degree field. Finally, the same experiments were performed with a test
stimulus luminance of 615 cd/m-sq. Observers were trained to assign numerical
values to hue, 'absolute
saturation"(CDE colorfulness), lightness, and brightness.
41
Subjects scaled hue as percentages of two neighboring psychological hues (red, green,
yellow, or blue). "Absolute saturation"or colorfulness was defined as "the apparent
amount of color appearing to be emitted from the
stimulus."Observers scaled
colorfulness by assigning an arbitrary number to the first stimulus presented.
Subsequent stimuli were assigned numbers relative to the original. Brightness was
scaled in a similar fashion for stimuli which appeared brighter than the surround.
Lightness was scaled when the surround appeared lighter than the stimuli. Seven
observers scaled each stimulus three times for hue, colorfulness, and either lightness
or brightness. Results found colorfulness to be maximized at, or near, a zero
brightness contrast between the chromatic stimulus and the surround. For stimuli
brighter than the surround, colorfulness increases with stimulus subtense. For the
surface mode of appearance, colorfulness was maximized for a stimulus subtending 1
degree with the same brightness as its surround.
Roddewig (1984) used magnitude production to scale the chromaticness of constant
luminance colors in a D65 surround. The surrounding field was provided by a light
box, illuminated MacAdam's by various fluorescent tubes. The surround was adjusted
in chromaticity and luminance to D65 and 500 cd/m-sq, respectively. A central field
was provided by a piece of opaque white paper fixed in the center of the surround. A
projector allowed the central field to be adjusted to provide colors of equal luminance
but of different hue and chromaticness. The central field luminance was set at 100
cd/m-sq. "Relative
chromaticness"
scaling was accomplished by selecting eight hues
such that there were four pairs of complimentary colors. The objective was to scale
each hue in equal steps between the achromatic point and the most chromatic color.
The scale for each hue ranged from 0 to 5, where 0 corresponds to an achromatic color
and 5 corresponds to the most chromatic color. Training sessions were provided to
familiarize the observer with each hue scale. Observers were asked to produce 40
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stimuli with values ranging from 1 to 4 by adjusting a filter holder in the projector.
Because all of the colors previously scaled had the same luminance and steps of equal
perceived chromaticness are different for each hue, an additional experiment was
performed to relate the relative chromaticness of the different hues. In this "absolute
scaling of
chromaticness,"
the observer had to create colors of equal perceived
chromaticness for different hues. A reference color to be matched in chromaticness
was displayed in the upper-right comer of the surround field. Results of these
experiments were used to evaluate the uniformity of several color spaces.
Hashimoto and Nayatani (1985) combined a haploscopic method and direct magnitude
estimation to study the brightness of object colors illuminated by fluorescent lamps
with high color rendering properties. The experiment was performed with two light
booths placed side by side. The interior walls of both booths were ofMunsell value 5.
The reference booth was illuminated with a cool white fluorescent lamp with a
correlated color temperature of 4100K, while the test booth was illuminated with
either a 4500K, or a 4950K fluorescent lamp with high color rendering properties.
The illuminance of both booths was kept at 2000 lx throughout the experiment. Six
observers made two types of visual assessments on seventeen Munsell colors. Two
samples with the same Munsell notation were presented (one in each booth). The first
visual assessment was whether an equality of brightness existed between identical
samples under the different qualities of illumination. The second assessment involved
a direct ratio estimation of the brightness of the test sample relative to the reference
sample. The brightness of the sample under the reference source was always specified
as 100. Results of the experiment indicate that perceived brightness is not the same
for samples under different qualities of illumination, at equal illuminance levels.
Richter (1985) performed magnitude estimation and threshold experiments to study
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chromaticness for equiluminous colors. In the magnitude estimation experiments the
observer was presented with a gray surround (50 cd/m-sq.) within a white surround
(250 cd/m-sq.), both with a correlated color temperature of 6500K. Three
equiluminous colors (50 cd/m-sq.) were produced in circular fields (see Figure 2-12).
At first a very saturated bluish green color was presented in the lower circular field.
Observers were asked to produce the same color in the upper left circular field. Next,
a very saturated bluish-red color was presented in the lower circular field and the
observer reproduced this color in the upper right circular field. The gray surround,
bluish green (turquoise) field, and the bluish red (magenta) field were used as
reference colors. A chromaticness of 0 was assigned to the turquoise field, 5 for the
gray surround, and 10 for the magenta field. Observers used a device that allowed a
continuous color series between turquoise, gray (D65), and magenta, to be produced in
the lower circular field. Keeping the reference numbers in mind, the observer was
told some number between 0 and 10 and asked to produce a color of chromaticness
corresponding to that number in the lower circular field. Similar experiments were
done for color series of blue-D65-yellow, red-D65-cyan, and green-D65-violet. Two
additional experiments used "relative and absolute ratio scaling."In
the relative ratio scaling experiment observers were asked to evaluate the
chromaticness ratio of the two chromatic reference colors. In the absolute ratio
scaling experiment the observer was asked to evaluate the chromaticness ratio of all
other reference colors compared with the reference color in the upper left circular
field. The threshold experiments used the lowermiddle field (see Figure 2-12).
Eleven colors of the series turquoise-D65-magenta were presented in random order
and the observer was asked to add some amount of the two equiluminous reference
colors of the scaling experiments to produce a just noticeable difference (JND).
Results of these experiments were used to evaluate the uniformity of several color
spaces.
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left: scaling experiments right: threshold experiments
T = turquoise, M = magenta, N = black
T...D65...M: equiluminous color sequence
white surround: 10, gray surround: 8? samples:
3
Figure 2-12. Visual fields as viewed by observers during scaling experiments (left),
and threshold experiments (right) (Richter, 1985).
Breneman (1987) used haploscopic matching to study corresponding chromaticities
for different states of adaptation to complex fields. Observers viewed the test and
matching stimuli in one second intervals while viewing a color photographic
transparency with normal eye movements. The unique apparatus used for these
experiments may be seen in Figure 2-13. Illumination conditions ranged from
simulations of low level tungsten to hazy sunlight. A total of nine chromatic
adaptation experiments were performed with illuminants that were chromatically
different but of equal luminance (see Table 2-5). Three additional experiments were
performed with the same illuminant (D55) at different illuminance levels. Twenty
observers matched a series of 1 3 color stimuli for each experimental condition.
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Telephotometer
Matching - Color
Colorimeter
Figure 2-13. Schematic of apparatus (Breneman, 1987).
Each observer made at least three replications of their matches in separate sessions.
Results of these experiments indicated that chromatic adaptation was more complete at
higher levels of illuminnnce. The level of adaptation was proportionally less for the
"blue"
or short wavelength receptors. Also, color samples presented at lower
illuminance levels must be more saturated to produce the same color appearance as
samples at higher levels of illuminance (Hunt effect).
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Table 2-5. Illuminance levels used by Breneman (Breneman, 1987).
COMPARABLE
LEVELS
Sunlight
10,000 Hazy sunlight
Cloudy (bright)
i Cloudy
0
0 Cloudy (dull)
<u 1,000 -
Standardized
print viewing
0
<D
O
C Very bright
ra
c olfices
% 100 Home print viewing
_j
slide pro|ection,
television
Bright living room.
motion pictures
10
Average living room
EXPERIMENTAL LEVELS
AND ILLUMINANT PAIRS
D-2850K
0
-s
D65-2850K
D55-slide projector (2)
Ds5-green (fj)
00)
D6.-2850K
-D65-2850K
D55-slide protector (3)
-D55-green @
J- D65-2850K
Nayatani et al., (1988) used haploscopic matching to study the color appearance and
brightness of chromatic object colors under different adapting illuminance levels. The
experiment was performed with two light booths set side by side. Both booths used
the same type of fluorescent lamp with a correlated color temperature of 4 150K. The
background in the booths was achromatic with an approximate Munsell value of 5.
Nine Munsell sample pairs were used in the experiment. Each sample pair had the
same Munsell hue and value, but differed in Munsell chroma. The sample with lower
Munsell chroma was always presented in the right booth, while the higher chroma
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sample was presented in the left booth. At the beginning of the experiment the
observer would adapt to 2000 lux in each field. Because the observer adapted to the
same illuminant and illuminance in both fields, the higher chroma sample always
appeared more colorful during the pre-adapting stage. Once adapted the observer was
asked to produce matches between the two samples in both fields by decreasing the
illuminance in the left field. Observers were instructed to look at the samples only
briefly while assessing a match, while otherwise viewing the background
continuously. Initially, the observers were instructed to produce only a color
appearance match. However, it was found that observers were able to match the hue,
chroma, and lightness, for the sample pair, while their brightness and colorfulness
remained quite different (it was not possible to produce both a relative and an absolute
color appearance match simultaneously). Consequendy, two types ofmatches were
made: a color appearance match, and a brightness match. Results of this experiment
indicated a difference in behavior between chroma and colorfulness which may be
similar to the perceptual differences between lightness and brightness. Results were
compared with predictions from the nonlinear color appearance model developed by
Nayatani.
3.0 COLOR APPEARANCE MODELS
The need to specify attributes of color appearance over a variety of illuminating
conditions has led to the recent development of two color appearance models. Hunt
and Pointer (1985) have oudined a model that is designed to predict color appearance
attributes under moderate photopic levels of daylight, typical fluorescent, and tungsten
illuminations. This model has recendy been modified to allow for incomplete
chromatic adaptation, and to make color appearance predictions over a wide range of
luminance levels (Hunt 1987). A second model, developed by Nayatani, et. al. (1981,
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1986), has also been designed to predict various color appearance attributes and
phenomena. The two models have been shown to yield reasonable qualitative
predictions of existing color appearance phenomena, however, further study and
refinement is necessary before either model can be applied confidendy to industrial
problems.
3.1 The HuntModel
The Huntmodel begins with a transformation from the tristimulus values of the test
stimulus to fundamental cone excitations. The visual response of the cones is thought
to vary in a nonlinear fashion with the intensity of the stimulus. Hunt (1985) was able
to predict the lines of constant hue on the chromaticity diagram when cone response
was proportional to the square root of the amount of radiation usefully absorbed by
them. However, this relationship was not thought likely to hold when cone responses
approached extremes (at very low or very high stimulus intensities). The
transformation was latermodified so the model could accommodate a broader range of
stimulus intensities. Hunt (1987) uses the following stimulus response function for
cones:
fp(R) = 40[R-73/(R-73 + 2)] + 1 (1)
The green and blue cone response functions are of the same form as equation (1). The
factor of 40 in the above equation was derived from the ratio of the maximum to the
minimum number of nerve impulses per second found in the visual system. The
working portion of this response curve still behaves like a square root function, only at
higher cone excitations the curve levels off (corresponding to the inability of the
visual system to produce greater response), and a lower cone excitations the response
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function also levels off (which would prevent visual noise from becoming significant).
The Hunt model uses the stimulus response function of equation 1 in combination
with some additional parameters that are designed to compensate for chromatic
adaptation. The cone responses after chromatic adaptation are given as:
Ra = fp(FL*FR*R/Rw) + RD (2)
Ga = fp(FL*FG*G/Gw) + RD (3)
Ba = fp(FL*FB*B/Bw) + RD (4)
The parameters Fl, Fr, Fq, Fg, Rrj, Gr> and Bp account for the extent of
adaptation. This is an important aspect of the Hunt model, since the level of
adaptation is not assumed to be complete. The division by Rw, Gw, and Bw (the
values ofR, G, and B for the reference white under the adapting illuminant) follows a
Von-Kries type transformation (although Hunt has introduced additional scaling
factors) to account for chromatic adaptation. The parameter Fl is a luminance-level
adaptation factor. Hunt introduced expressions for Fr, Fq, and Fg to account for two
effects: the tendency for chromatic adaptation to become less complete as the purity of
the adapting illumination is increased, and the tendency for chromatic adaptation to
become more complete with increases in the luminance of the adapting illumination.
The parameters Rr> Grj, and Brj were introduced to account for the Nelson-Judd
effect, a tendency for light nonselective objects to appear the color of the illuminant,
and for dark nonselective objects to exhibit a color that is complimentary to the
illuminant. Expressions for these parameters will not be presented here, but are
oudined in the literature (Hunt, 1987). The next stage in the Hunt model is the
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calculation of an achromatic signal and three color difference signals. Color
appearance attributes are then calculated from combinations of these signals.
32 The Nayatani Model
The Nayatani model also begins with a transformation from the CIE tristimulus values
of a test sample, and a fixed neutral background, to fundamental cone excitations.
Nayatani assumes that the cone responses corresponding to the background, R0, G0,
and B0 completely specify the observers state of adaptation (i.e. chromatic adaptation
is complete), and calls these the effective adapting levels (AL). The adapting
background is specified as being achromatic with a reflectance of 20%. Noise
components, Rn, Gn, and Bn are then added to the cone signals corresponding to the
test sample, and to the effective adapting levels. Chromatic adaptation is accounted
for by dividing these terms in a modified Von Kries transformation
The next stage of the Nayatani model accounts for the nonlinear characteristics of
cone responses. The terms R*, G*, and B*, which correspond to the modified Von
Kries transformation are raised to powers that are complex functions of the adapting
levels. This nonlinear transformation was designed to correspond to a compression of
response of each mechanism transmitted from the receptor to the brain (Nayatani,
1981). These non-linearized responses are then multiplied or divided to give a metric
brightness and three chromatic responses that are very similar to the Hunt model.
The Nayatani model was designed as a mathematical model to predict existing visual
data. The model is capable of predicting the Hunt (1953) effect, and the Helson-Judd
effect (Helson, 938). The parameters used in the Nayatani model are summarized in
Figure 3-1.
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Figure 3-1. Schematic diagram of the Nayatani model.
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4.0 ANALYSIS OF EXPERIMENTAL TECHNIQUES
The literature review of Section 2.0 provides an indication of the variety of
experimental designs that have been employed for the study color appearance. It is
not surprizing that no single technique was immediately recognizable as the most
appropriate or ideal method of approaching the current research. The selection of the
optimal technique required a critical analysis of the strengths and weaknesses of each
method.
4.1 HaploscopicMatching
Undoubtedly the greatest advantage of haploscopic techniques is that they allow the
observer to simultaneously compare two adapting conditions. Since the observer has
no need to rely on color memory, or a memorized scale when making a judgment,
haploscopic matching seems to afford a higher degree of accuracy and precision than
other techniques. However, it should not be forgotten that visual judgments are rarely,
if ever, made under these conditions. When considering the level of concentration that
is typically required to perform a haploscopic experiment, one must also consider the
ability of the human visual system to ignore or 'block
out'information that seems
irrelevant to the task at hand. For example, consider an observer who is asked to
produce a haploscopic match between two stimuli positioned in a complex field. Since
the background remains constant throughout the experiment, the observer's attention is
automatically focused on the stimuli to be matched. Unless otherwise instructed, the
observer no longer examines the appearance of the stimuli within the context of the
entire scene, but instead concentrates solely on the appearance of the two stimuli.
The extent to which such levels of concentration might effect the outcome of an
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experiment have not been investigated, but it seems that other techniques might better
simulate the actual conditions under which the color appearance of objects are
typically evaluated.
Another interesting aspect of haploscopic matching (or matching techniques in
general) is that the observer need not have any knowledge of color appearance
terminology. In other words, definitions of hue, colorfulness, saturation, chroma,
lightness and brightness become irrelevant to the observer since he or she needs only
to produce "a visualmatch."Depending on the experiment, the ability to use naive
observers may or may not be desirable. The time required to adequately train
observers to evaluate color appearance according to a set of formal definitions makes
matching techniques more appealing. In addition, color appearance terminology
automatically defines how the observer makes a visual assessment. In other words,
when color appearance terminology is used, the experimenter risks changing the
observer's method of assessment to suit the experiment.
The more obvious disadvantages to haploscopic matching (discussed previously in
Section 2.1) include its dependence on the invalid assumption that the sensitivity of
the two eyes are independent, and in some cases the need for complex optical devices
to juxtapose the test and matching stimuli.
42 Magnitude Estimation
Bartleson (1977) describes magnitude estimation as measuring the change in color
appearance of a constant stimulus as adaptation varies. In contrast, haploscopic
matching measures the change in stimulus necessary to maintain a constant color
appearance. Thus, both techniques approach the same problem from different
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directions. Magnitude estimation offers the major advantage of allowing observations
to be performed under normal viewing conditions: without the aid of optical devices,
and using both eyes in equal states of adaptation (Bartleson, 1977). Problems with
psychological scaling experiments arise due to the subjective nature of the
assessments. Precision and accuracy become important considerations when
performing any psychological scaling experiment. Determining the precision of a
scaling experiment is not difficult, but the evaluation of accuracy poses a problem.
Precision is not generally a problem providing that observers can remain consistent
throughout an experiment (i.e. the observer does not shift his criteria of assessment at
any point during an experiment). To improve experimental accuracy the experimenter
often seeks to minimize between observer variability by training different observers to
use the same criteria of assessment. This is when color appearance terminology
becomes useful. However, the possibility always exists that the observer has been
trained to assess color appearance in a fashion that he would otherwise not use.
Despite the trade-offs that exist between magnitude estimation and other methods of
studying color appearance, Bartleson (1977) states: "under the best conditions,
considerably more information may be obtained by direct scaling, since the method
may be used to measure color appearances and notmerely conditions of equality of
color
appearances."
4J Memory Scaling
Of the techniques already discussed for the measurement of color appearance, memory
scaling is perhaps the most limiting. There is no question that observers can be trained
to give very precise and accurate responses within an existing color order system.
However, each observer requires many hours of training before an experiment can be
performed. In addition, the observer's responses are automatically limited by the
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dimensions and precision of the color order system selected. For experiments which
that been designed to measure the magnitudes of color shifts between different states
of chromatic adaptation, memory scaling is appropriate. In the current research,
where attention will be given to judgments of colorfulness and chroma, memory
scaling is inappropriate since existing color scales do not direcdy address these types
of judgments.
5.0 EXPERIMENTAL
The intention of this research was to investigate how the average observer evaluates
color appearance. Specifically, the investigation was concerned with whether an
observer generally makes relative or absolute color assessments when viewing object
colors, and under what viewing conditions might an observer's criteria of assessment
change. A series of final experimental designs oudined in later sections was
developed using information provided from pilot experiments (Sections 5.1 - 5.5). In
addition to determining how a typical observer makes a color assessment, the final
experiments also address the precision of various matching techniques, as well as
provide data for testing the Hunt and Nayatani color appearance models.
The experimental technique selected for both the pilot and final experiments involves
a form of object color matching. A matching technique was selected to facilitate the
use of untrained observers (since no formal instruction was required for observers to
produce a visual match). It was hoped that observers with little or no knowledge of
color appearance attributes (such as colorfulness and chroma) would lend insight
toward the most commonly used criteria in assessing color appearance.
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5.1 Pilot Experimental Apparatus
The same complex reference scene and matching scene were used during two pilot
experiments. A complex scene was selected to encourage the observer to view color
stimuli within the context of a scene rather than fixate on a single stimulus while
producing a color appearance match. In addition, this arrangement encouraged eye
movement. Figure 5-1 illustrates the configuration of the reference scene. The
reference scene was composed of a neutral cardboard background ofMunsell value 5
with four chromatic samples in each comer (CI, C2, C3, C4). The Munsell hues of
the four reference chromatic samples were 5R, 5PB, 2.5G, and 5Y. These Munsell
hues were chosen primarily because of their appearance as approximate unique hues
under simulated D65. In addition, these four hues demonstrate large differences
between the colorfulness predictions of the Hunt and the Nayatani color appearance
models. Figure 5-2 illustrates these colorfulness differences as reported by Nayatani
(Nayatani et al., 1989). The Munsell values and chromas for the four chromatic
samples varied throughout the pilot experiments.
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MUNSELL SAMPLES
N 5/ SURROUND
20.0"
Figure 5-1. Configuration of the reference scene where the neutral background had a
Munsell Value of 5/, and the chromatic samples CI, C2, C3, and C4 had Munsell
notations of 5R, 5PB, 2.5G, and 5Y, respectively.
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Nayatani model Hunt model
Figure 5-2. Color appearances predictions made by the Nayatani color appearance
model (left) and the Hunt model (right) for Munsell samples with Munsell values of
(a) 8/, (b) 5/, (c) 3/ under illuminant C at adapting illuminance of 1000 lx (Nayatani et
al., 1989).
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The matching scene in Figure 5-3 was of the same configuration as the reference
scene. The dimensions and background material were identical to those of the
reference scene. The observers task was to match the four chromatic samples in the
reference scene by rotating the four color wheels located at each comer of the
matching scene. A hole cut into the background material in each comer of the
matching scene exposed one sample from the closest color wheel. Each color wheel
contained samples of the same hue and lightness as its corresponding sample in the
reference scene. As an example, if CI (the chromatic sample in the upper left hand
comer of the reference scene) had Munsell notation 5R 6/8, then all of theMunsell
samples mounted on CW1 (the first color wheel) had a Munsell hue of 5R, a Munsell
value of 6, and various Munsell chromas.
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MUNSELL SAMPLES
N 5/ SURROUND MASK
Figure 5-3. Configuration of the malching scene used in the pilot study. CW1 . CW2, CW3. and
CW4 represent color wheels of the same Munsell hue and value as their corresponding reference
scene samples.
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The samples mounted on each color wheel covered the entire range ofMunsell chroma
in steps of 2 for a given hue and value.** The chroma samples were mounted in
random order to prevent the observer from memorizing the location of a particular
sample on the wheel. Those portions of the color wheels that extended beyond the
borders of the actual matching scene were covered with a material of the same color as
the reference scene surround.
For each reference scene the corresponding color wheels in the matching scene
required a wide range ofMunsell chromas for the observer to find an appropriate
match. It was therefore desirable to selectMunsell samples that provided the widest
color gamut. For this reason Munsell samples with a gloss finish were selected for
these experiments as they provide a wider chroma range than mat samples. In
addition, the need for a wide range in chroma influenced the selection of theMunsell
values to be used for each hue (and to a much smaller degree influenced the selection
of the hues themselves).
The pilotmatching experiments were performed with the matching scene at different
levels of illuminance compared to that of the reference scene. Both scenes were
viewed under the same quality of illumination (Macbeth fluorescent D65 simulators).
Due to the efficiency of these particular fluorescent tubes, higher levels of illuminance
were attainable than with standard D65 fluorescent tubes.
**It was originally intended that each color wheel would consist of unit steps in Munsell
chroma to divide the chroma range in finer increments (thereby providing more precise color
appearance matches). However, such samples could only be produced by theMunsell company
at great expense. The expense could not be justified as it was suspected that even unit steps in
Munsell chroma would not provide a fine enough range to provide perfect color appearance
matches under various illumination conditions.
62
Two Diano light booths were modified and refitted with Macbeth D65 fluorescent
tubes (these tubes are used in the MacBeth "Judge" light booth). The two light booths
were identical, with interior dimensions of 24" (width) x 18" (depth) x
15" (height to
diffuser). The interior of each booth was painted with a semi-gloss paint that matched
an N5 Munsell sample. The spectral power distribution and other information of
interest relative to the light booth can be found in Appendix H.
The hue constancy of the fourMunsell hue series used in these experiments was
examined under D65 fluorescent illumination. This was necessary to assure that no
serious discontinuities were introduced into a given hue series (when viewed under
D65 illumination) due to a reformulation of pigments by the Munsell Company.
52 Pilot Experimental Procedure
In each of the pilot experiments performed, the observers were instructed to reproduce
the reference scene as closely as possible under a different level of illumination. The
illumination levels used for the two pilot experiments are shown in Table 5-1. Since
the colorfulness of a sample is known to increase or decrease with the level of
illumination, and the chroma of a sample should remain relatively constant with
changes in the level of illumination, the observer has at least two options when
producing a color appearance match. With the reference and matching scene under
different levels of illumination, the observer can either adjust the matching scene to
produce a colorfulness match (an absolute judgment) or chroma match (a relative
judgment). The pilot experiments described below were designed to determine
whether the precision of the Munsell chroma scale (divisions of 12) was sufficient to
warrant further experimentation using the same apparatus.
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Table 5-1. Approximate illumination levels used for the reference and matching
scenes during the pilot experiments.
Reference Scene Matching Scene
Condition 1: 500 lx 500 lx
Condition 2: 500 lx 1000 lx
Condition 3: 500 lx 2000 lx
Condition 4: 500 lx . 3000 lx
Condition 5: 500 lx 4000 lx
5.3 Pilot Experiment 1: HaploscopicMatching
The first pilot experiment was designed to investigate how the naive observer
evaluates color appearance when comparing two scenes, at different levels of
illumination, haploscopically. The reference and matching booth were positioned side
by side in a dark room. A partition between the two booths was equipped with a pad
that allowed the observer to comfortably rest his head while viewing each scene with
separate eyes. Prior to each experiment the observer sat with his head against the
partition for a period of five minutes while each eye adapted to the illumination of the
separate booths. When the adaptation time was completed the observer was presented
with the reference and matching scenes. The observer was instructed to produce a
color appearance match for each of the samples in the reference scene by rotating each
of the four color wheels in the matching scene until a satisfactory match was found. If
the observer was dissatisfied with all of the possible alternatives on a given color
wheel he was instructed to choose the closest approximation and then explain (to the
best of his or her ability) why a color appearance match was not possible. The
observer was allowed as much time as desired to adjust the matching scene to
reproduce the reference scene. Once the observer was satisfied with his reproduction
of the reference scene, the experiment was terminated and the results were recorded.
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5.4 Pilot Experiment 2: Matching by Simultaneous Inspection
The second pilot experiment was designed to investigate how the naive observer
evaluates color appearance when comparing two scenes within his field of view that
are at different illumination levels. The booths were arranged side by side in a dark
room with the lights in each booth turned on. The observer sat direcdy in front of the
partition between the booths with his eyes at a distance of approximately 10 inches
from the front edge of the booth. No attempt was made to monitor the position of
each observer during the course of the experiment. The observer chromatically
adapted to the light from the two booths for a period of five minutes. Once the
chromatic adaptation time was complete, the observer was presented with the
reference and matching scenes. The observer was then instructed to reproduce the
reference scene in the same manner as the first pilot experiment. The observer was
permitted to adjust his position, and view the two scenes in whatever manner best
facilitated the matching process. No limit was placed on the time required to
reproduce the reference scene. Once the observer was satisfied with his reproduction
of the reference scene, the experiment was terminated and the results recorded.
5J Pilot Experimental Results
General results of the haploscopic pilot experiment indicated color shifts as high as 4
Munsell chroma steps under the most extreme disparity in illuminance (condition 5).
In most cases observers reported differences of 2 chroma steps or less. For conditions
2 and 3, observers rarely reported any change in colorfulness that was statistically
significant. After very few experiments it became evident that the divisions of 2
Munsell chroma steps used in the color matching wheels were too large to detect
subtle shifts in the colorfulness of samples. The haploscopic matching technique also
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demonstrated that the complex scene selected for the pilot study did little to encourage
the observer to view a color sample within the context of a scene. Observers were
easily able to isolate each sample and effectively ignore the rest of the scene while
producing a color appearance match. Some of this was perhaps due to the spacing
between the four chromatic samples (which was somewhat large due to the size of the
color matching wheels). In addition, the size of the mask required to cover all four
matching wheels introduced a wide separation between the reference and matching
chromatic samples. This separation proved to make haploscopic matching difficult
because some corresponding samples from the two fields could not be viewed
simultaneously.
Results for the matching by simultaneous inspection experiment confirmed that the
precision of the matching wheels was inadequate. Changes in colorfulness were even
smaller for this technique than those changes observed in the haploscopic matching
technique. In most cases, litde or no change in the colorfulness of samples was
detected, even though differences in color appearance were apparent for the closest
sample approximation. As stated previously, it was suspected that the Munsell chroma
divisions of the color wheels used for this experiment would be too large. Because the
cost of having theMunsell company prepare finer steps in chroma was so great, and
the most appropriate number of divisions in Munsell chroma was still in question, an
alternative final experimental design was selected.
5.6 Final Experimental Design
The information acquired through the pilot study, and the unavailability of a finer
chroma scale, suggested a modification of the pilot experiment which would permit
the use of the same chroma samples. With the afore mentioned limitations in mind,
66
the experimental design outiined in the following sections was developed. The
objectives of these experiments remained the same as those outlined in Section 5.0: to
determine whether observers generally make absolute or relative color assessments
under a variety of viewing situations, to compare the precision of four experimental
viewing conditions, and to provide data for the evaluation of the Hunt and Nayatani
color appearance models.
5.7 Experimental Apparatus
The complex reference and matching scenes used in the pilot experiment were
replaced with a simple scene consisting of a single stimulus located within a large
neutral surround. The configuration of the reference scene is illustrated in Figure 5-4.
To avoid the inconvenience of continually replacing the reference sample after each
observation, a number of samples (each 1.5 inches square) were mounted on a wheel.
The wheel was covered with the neutral cardboard
background ofMunsell value 5/which exposed a single sample through a window.
After each observation the reference wheel could be rotated slightly to present the next
sample. The reference samples selected for the final experiment were of the same
hues as those used in the pilot experiment: 5R, 2.5G, 5Y, and 5PB. Six of these
samples were mounted on a single wheel that was covered with the same material as
the background. This made for a total of four wheels that were interchanged
according to the level of illumination or type of experiment being performed. The
samples were organized such that no two samples of the same hue would be viewed in
immediate succession.
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Figure 5-4. Configuration of the reference scene used in the final experiments.
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The configuration of the matching scene is illustrated in Figure 5-5. The dimensions
and background material were identical to those of the reference scene. The matching
scene also utilized a color wheel that exposed samples through a window in the
background material. Each matching wheel consisted ofMunsell chroma samples of a
particular hue and value. Unlike the reference sample wheels, the matching wheels
were designed to expose a sample pair through the window in the background
material. A sample pair consisted of two neighboring chroma steps such as 4 and 6.
An individual chroma step measured 1.5 x 0.75 inches. Thus, when two chroma steps
were juxtaposed the resulting sample pair measured 1.5 inches square. A complete
matching wheel consisted of chroma sample pairs which divided the entire chroma
range of a particularMunsell hue/value combination as follows: 2-4, 4-6, 6-8, 8-10,
and so forth, up to the highest chroma sample pair available for that hue and value.
The order of these chroma sample pairs was randomized on each matching wheel to
prevent observers frommemorizing the location of a particular pair. A matching
wheel was required for each Munsell sample hue/value combination presented in the
reference scene. In addition, for every matching wheel a duplicate wheel was
constructed with a different randomized order of chroma sample pairs. Therefore,
using 4Munsell hues at 3 different values, and a duplicate wheel for every hue/value
combination required a total of 24 matching wheels.
Illumination was provided by the same two light booths used in the pilot study. Each
light booth was equipped with Macbeth 24 inch D65 fluorescent tubes. The spectral
power distribution of the fluorescent tubes was measured with a Photo-Research
spectro-radiometer and can be seen in Appendix H. The matching booth was modified
to accommodate eight fluorescent tubes. Separate light switches allowed any
combination between one and eight tubes to be switched on
69
MUNSELL SAMPLE PAIRS OF
NEIGHBORING MUNSELL
CHROMA
N 5/ BACKGROUND
KNOB TO ROTATE
WHEEL (N 5/)
N 5/ SURROUND
MASK (COVERS
MATCHING WHEEL)
SAMPLE
WINDOW
Figure 5-5. Configuration of the matching scene used in the final experiments.
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at a given time. Each fluorescent tube provided an illuminance of approximately 600
lx at the center of the sample plane. The combined illuminance of all eight tubes was
approximately 4000 lux at the center of the sample plane. The reference booth
required only three fluorescent tubes since the illuminance of the reference scene was
to be held relatively low throughout most of the final experiments. Each booth had a
plastic diffuser located 3 inches below the fluorescent tubes. The diffuser provided
fairly uniform illumination throughout the interior of each booth. The interior of the
two booths was painted with a neutral semi-gloss paint that was a tristimulus match to
an N5 Munsell chip.
5.8 Experimental Procedure
The final experimental procedure was designed to maintain the qualities of a matching
experiment while providing a finer chroma scale using the same Munsell samples as
the pilot study. This was accomplished by combining a form of object color matching
with magnitude estimation.
With the reference and matching scenes under different levels of illumination, each
observer was given the following instructions, (see Figure 5-6 for illustration):
The reference scene in the booth to your left exposes a reference sample through a
window in the surround material. The matching scene in the booth to your right
exposes one of a number of sample pairs through the window in the surround material.
Each of the matching scene sample pairs defines a range in color. One of these
matching scene sample pairs defines a range in color that the reference sample will
appear to lie between. Your task is to rotate the matching wheel until you find that
sample pair (the pair that appears to surround the reference sample in color). Once
selected, you must estimate where you believe the reference sample lies within that
range. To do this, you will notice that the numbers zero and two are written on the
surround material next to the matching scene window. The number zero is assigned to
the bottom sample, that is exposed through the lower half of the matching scene
window. The number two is assigned to the top sample, exposed through the upper
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half of the window. Using these numbers as a reference, assign a number between
zero and two to the reference sample, corresponding to where that sample appears to
lie within the color range defined by the matching scene sample pair. There may be
occasions when you cannot find a matching scene sample pair which appears to
surround the reference sample in color. On these occasions, you must select the
closest sample pair, and if necessary, assign a number greater than 2 to the reference
sample. If you are dissatisfied with all of the possible alternatives on a given color
wheel you should choose the closest approximation and then explain (to the best of
your ability) why a color match is not possible.
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Figure 5-6. Illustration of how the reference and matching scenes appeared to
observers.
The limits of 0 and 2 assigned to the anchor pair were convenient in that they
represented the difference in Munsell chroma between the two anchor samples. This
allowed the experimenter to add the magnitude estimation given by an observer to the
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thereby record only one number. In addition, the difference in 2 Munsell chroma
steps between the matching scene sample pairs
was visually rather small. Observers rarely gave magnitude estimations in increments
smaller than one-half, indicating that a ten or 100 step division of that range would
have been unnecessarily large.
The task of selecting the anchor pair that defined the range in color appearance of the
reference sample, and then estimating where the reference sample lay within that
range, was carried out for 12 samples under a particular reference field and matching
field illuminance combination. The five illuminance combinations selected (four
experimental conditions and one test condition) are outlined in Table 5-2.
Table 5-2. Approximate illumination levels (within +/- 10%) selected for the
reference and matching scenes during the final experiments.
Reference Scene Matching Scene
Condition 1: 1000 lx 100 lx
Condition 2: 500 lx 500 lx
Condition 3: 500 lx 1000 lx
Condition 4: 500 lx 2000 lx
Condition 5: 500 lx 4000 lx
Because Condition 1 was the only case in which the reference scene was at a higher
level of illuminance than the matching scene, a different set ofMunsell samples was
needed. The Munsell samples selected for this condition differed from those selected
for the remaining conditions only in Munsell chroma. It was necessary to select
reference samples of lowerMunsell chroma to insure that if an increase in colorfulness
was required for a color appearance match, the appropriate range would be provided
in the matching scene. These 12 samples, numbered for the order of their appearance
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to each observer are presented in Table 5-3.
Table 5-3. Munsell notations of reference samples used under Condition 1 in the
final experiments.
SAMPLE # HUE VALUE CHROMA
1 5R 5/ 10
10 5R 3/ 6
5 5R 7/ 6
6 2.5G 3/ 6
4 2.5G 5/ 8
9 2.5G 11 6
8 5Y 5/ 4
12 5Y 11 8
3 5Y 8.5/ 10
7 5PB 3/ 6
11 5PB 5/ 8
2 5PB 11 4
The Munsell samples selected for Conditions 2 through 5 are presented in Table 5-4.
Table 5-4. Munsell notations of reference samples used in Conditions 2 through 5 in
the final experiments.
SAMPLE # HUE VALUE CHROMA
11 5R 3/ 10
1 5R 5/ 14
5 5R 11 10
3 2.5G 3/ 10
7 2.5G 5/ L 12
9 2.5G 11 10
4 5Y 5/ 8
6 5Y 11 12
10 5Y 8.5/ 14
2 5PB 3/ 10
8 5PB 5/ 12
12 5PB 11 8
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5.9 Observers
Prior to experimentation, it was concluded that a minimum of 5 observers would be
needed to provide data from which conclusions could be drawn confidently. Since the
accuracy and precision of observers was known to vary widely, a total of 7 observers
were selected to participate in each experiment. In the event that a particular
observer's performance was dramatically inconsistent, that person's observations could
be excluded from the experimental analysis without jeopardizing the validity of the
experiment. The observers ranged from 20 to 34 years of age. Four of the seven
observers had no previous experience in visual observations and little or no knowledge
of color appearance terminology. The remaining three observers had considerable
experience with color appearance observations. Experimental data did not indicate
any difference between those observations made by experienced observers and those
observations made by inexperienced observers. Of the 7 observers who participated, 6
observers performed each experiment once, and one observer performed each
experiment 3 times (to provide a measure of within-observer variability).
5.10 Experiment 1: HaploscopicMatching
The first experiment was designed to investigate how the naive observer evaluates
color appearance when haploscopically comparing two scenes at different levels of
illumination. The reference and matching booth were positioned side by side in a dark
room. A partition between the two booths was equipped with a pad that allowed the
observer to comfortably rest his head while viewing each scene with separate eyes.
The illuminances of the two booths were set according to Condition 1 in Table 5-2.
The observer sat with his head against the partition for a period of five minutes while
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each eye adapted to the separate booths. When the adaptation time was completed the
observer was presented with the reference and matching scenes. The reference sample
wheel was rotated to expose the first sample through the window in the surround, and
was presented in the booth viewed by the observers left eye. The corresponding
matching wheel was presented with it's surround in the booth viewed by the observers
right eye. The observer was allowed as much time as desired to select an anchor pair
and then assign a numerical estimate to the color appearance of a reference sample.
Once the observer was satisfied with an estimate, the matching wheel was removed
from the booth, and the result was recorded. The observer then rotated the reference
wheel counterclockwise to present the next reference sample while it's corresponding
matching wheel was presented in the matching booth. The color appearance of the 12
reference samples outlined in Table 5-3 were estimated for Condition 1. Once these
12 observations were complete, the illuminances of the light booths were set according
to Condition 2, and the procedure was repeated using the Munsell reference samples
ofTable 5-2. The reference samples presented in Table 5-2 were used for the
remaining four illuminating conditions. Duplicate matching wheels, with a different
randomized order of anchor pairs, were presented to the observer during every other
illuminating condition.
Because the 12 observations for a particular illumination condition required 20 to 25
minutes, the entire haploscopic matching experiment (Conditions 1-5) was performed
in two sessions that lasted approximately one hour.
5.11 Experiment 2: Matching by Simultaneous Inspection
The second experiment was designed to investigate how the naive observer evaluates
color appearance when comparing two scenes, within his field of view, that are at
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different illumination levels. The booths were arranged side by side in a dark room
with the lights in each booth turned on. The observer sat directiy in front of the
partition between the booths with his eyes at a distance of approximately 18 inches
from the front edge of the booth. A piece of tape placed on the floor in front of the
observing chair allowed each observer to maintain the same approximate position
throughout the experiment. The observer adapted to the light from the two booths for
a period of five minutes. Since it was not the intention of this experiment to control
the degree of an observer's brightness adaptation, the observer was permitted to look
anywhere within the room while adapting to the color of the illuminant In addition,
the observer was only required to adapt prior to the first illumination condition, and
could thereafter proceed immediately to the subsequent illumination conditions. Once
the adaptation time was complete, the reference and matching scenes were presented.
The observer was then instructed to determine a color appearance match in the same
manner as described in the previous haploscopic experiment. In an effort to maintain
uniformity of practice between observers, each observer was instructed to sit back in
their chair while making a color appearance assessment. In addition, the position of
the observers chair, relative to the tape on the floor, was monitored throughout each
experiment Each observer was allowed as much time as desired to make a color
appearance assessment. Color appearance assessments were made for each of the
same five illumination conditions and respective samples as used in the previous
haploscopic experiment. Observations for all five viewing conditions were completed
in a single session that lasted roughly 75 minutes.
5.12 Experiment 3: Matching by Successive Inspection
The third experiment was designed to investigate how the naive observer evaluates
color appearance when comparing scenes under different levels of illumination in
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immediate succession. The two booths were arranged according to Figure 5-7. As
illustrated by the figure, the observer was unable to view either the reference scene
or the matching scene simultaneously. The observer sat in a dark room with both
light booths set to their appropriate levels of illumination. By positioning his chair
such that it was equidistant from the two booths, the observer was able to swivel
either his chair, his head, or both, in order to compare the two scenes. The observer
was allowed five minutes for chromatic adaptation prior to the presentation of the
reference and matching scenes. Since it was not the intention of this experiment to
control the degree of an observers brightness adaptation, the observer was permitted
to look anywhere within the room while adapting to the color of the illuminant. In
addition, the observer was only required to adapt prior to the first illumination
condition, and could thereafter proceed immediately to the subsequent illumination
conditions. Once the adaptation time was complete, the reference and matching
scenes were presented. The observer was then instructed to determine a color
appearance match in the same manner as the two previous experiments. In an effort
to maintain a uniformity of practice between observers, each observer was instructed
to sit back in their chair while making a color appearance assessment. The position
of the observers chair, relative to the two booths, was monitored throughout each
experiment. Each observer was allowed as much time as desired to make a color
appearance assessment. Color appearance assessments were made for each of the
same five illumination conditions and respective samples used in Experiments 1 and
2. Observations for all five viewing conditions were completed in a single session
that lasted roughly 75 minutes.
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REFERENCE BOOTH
Figure 5-7. Arrangement of the reference and matching booths used for the
successive inspection matching technique.
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5.13 Experiment 4: Short Term MemoryMatching
The fourth and final experiment was designed to investigate how the average observer
evaluates color appearance when comparing object colors under different levels of
illumination at different times. The arrangement of the light booths was in the same
configuration as Experiment 3 (see Figure 5-7). In a dark room, with only the
reference booth turned on, the observer adapted to the reference illumination for a
period of five minutes. Once adapted, the observer was presented with a reference
sample. The observer was allowed as much time as desired to memorize the color of
the reference sample. Once the observer was confident that the reference sample had
been committed to memory, the light in the reference booth was switched off, and the
light in the matching booth was switched on. The observer then looked into the
matching booth for a period of five minutes while adapting to the new illuminance
level. Once adapted to the new level of illumination, the observer was presented with
thematching scene and asked to produce a color appearance match in the same
manner as experiments 1, 2, and 3. Once a color appearance assessment was made the
matching booth was switched off, the reference booth was switched on, and the same
procedure was repeated for the remaining samples.
Because of the time required for a single color appearance assessment (in excess of 12
minutes), and the anticipated low precision of such memory matching experiments, it
was decided that fewer samples and illumination conditions would be used for this
particular experiment. The illumination conditions selected for this experiment are
oudined in Table 5-5. Only four reference samples were selected for the memory
matching experiments. One medium value sample was selected for each of the four
Munsell hues. The Munsell notations of these selected samples are listed in Table 5-6.
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Table 5-5. Approximate illumination levels selected for the reference and matching
scenes during the memory matching experiments.
Reference Scene Matching Scene
Condition 1: 1000 lx 100 lx
Condition 2: 500 lx 500 lx
Condition 5: 500 lx 4000 lx
Table 5-6. Munsell notations of reference samples used in Conditions 1 through 3 in
the short term memory matching experiment.
SAMPLE # HUE VALUE CHROMA
1 5R 5/ 10
2 2.5G 5/ 8
3 5Y 11 8
4 5PB 5/ 8
6.0 DISCUSSION
The final four experiments represented a total of 540 color appearance estimations for
24Munsell samples. Of the seven observers who participated in the experiment, only
one observer (H.H.) performed each experiment three times (App. B). These results
were averaged before being combined with the remaining observers data (App. A).
The test illuminance condition (reference illuminance of 500 lx and matching
illuminance of 500 lx) performed with each of the four experimental techniques
provided an indication of observer accuracy. Table 6-1 contains the average error
reported by each observer for the test condition. Observer K.P. reported unusually
large errors for the first three experimental techniques, and his results were
subsequendy dropped from the remaining experimental analysis. The following
experimental discussion is therefore based upon the color appearance estimates of six
observers, one of whom performed each experiment three times.
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Table 6-1. The average error (in Munsell Chroma) for color appearance estimations
made by each observer during the test condition for each experiment (reference and
matching illuminance of 500 lx).
Observer Haplo. Sim. Insp. Sue. Insp. Memory Overall
Ave.
p:c. 0.708 0.333 0.500 0.500 0.510
K.P. 1.104 0.646 0.771 0.500 0.755
L.R. 0.417 0.083 0.083 0.833 0.354
A.N. 0.583 0.500 0.375 0.000 0.365
M.S. 0.458 0.708 0.500 0.667 0.625
R.L. 0.396 0.187 0.500 0.667 0.437
H.H. (#1) 0.167 0.350 0.417 0.333 0.317
H.H. (#2) 0.325 0.500 0.658 0.125 0.402
H.H. (#3) 0.408 0.417 0.500 0.083 0.352
Between observer variability in color appearance estimates for the four final
experimental techniques has been examined in Table 6-2. As would be expected,
average standard deviations for given illuminance conditions increase with increasing
illuminance disparities between the reference and matching scenes.
Table 6-2. Average standard deviations for each technique and illuminance condition
(6 observers).
Ref./matching
illuminance (lx)
Average standard deviation for all samples
Haplo. Sim. Insp. Sue. Insp. Memory
500/500 0.5820 0.5713 0.5331 1.0902
500/1000 0.6590 0.5403 0.6656
500/2000 0.7668 0.7682 0.7258
500/4000 0.7681 1.0095 1.0389 1.2831
1000/100 0.7798 0.8481 0.6897 1.3190
Grand Mean
Std. Dev.
0.7111 0.7474 0.7306 1.2308
As a measure of the overall variability of each technique, average standard deviations
were averaged across illuminance conditions (see last row of Table 6-2). As might be
expected, the haploscopic technique had the smallest overall variability (ave. std. dev.
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= 0.71 1 Munsell chroma steps), and the short-term memory technique had the largest
(1.23 Munsell chroma steps). It is interesting to note that the variability of the
simultaneous inspection and successive inspection techniques were very nearly the
same, 0.747 and 0.731 Munsell chroma steps, respectively. The average between
observer variability for the haploscopic, simultaneous inspection, and successive
inspection techniques was 0.73 Munsell chroma steps. This result would suggest that
between observer variability for object colormatching experiments is generally 3/4 of
a step in Munsell chroma.
Of the three more precise experimental techniques, one might expect the overall
variability to be largest for the successive inspection technique (since the observer
cannot simultaneously compare samples). However, observers experienced difficulty
in making color appearance assessments during the simultaneous inspection technique
when large differences existed between the reference and matching scene illuminance.
Differences in hue and lightness were more apparent during the simultaneous
inspection technique than for the other three techniques. This was due to the state of
brightness adaptation of the observer. When an observer is able to brightness adapt to
individual scenes (as in the haploscopic technique), differences due to illuminance are
at least partially normalized. During the simultaneous inspection technique the
observer was continuously viewing both scenes, causing the observer to be unable to
brightness adapt to either scene. Consequendy, brightness adaptation was no longer
effective at normalizing differences due to illuminance level. Under these conditions,
the reference and matching samples, in addition to having differences in colorfulness,
often appeared to be of different hues and lightnesses. These differences in
dimensions other than colorfulness contributed to observers confusion in estimating a
colorfulness/chroma match. During the successive inspection technique observers
were still unable to brightness adapt to either scene, yet color appearance estimations
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were made with much less difficulty. Because observers were viewing the reference
and matching scenes in succession, subde differences in hue and lightness between the
reference and matching samples went unnoticed.
Within observer variability for color appearance estimates was examined for each
experimental technique and illuminance condition using data provided by observer
H.H.. Average standard deviations are presented in Table 6-3. The average within
observer variability is approximately two-thirds that of the between observer
Table 6-3. Average standard deviations for each technique and illuminance condition
(observer H.H.).
Ref./matching
illuminance (lx)
Average standard deviation for all samples
Haplo. Sim. Insp. Sue. Insp. Memory
500/500 0.3590 0.2855 0.3043 1.078
500/1000 0.5353 0.3708 0.3615
500/2000 0.6871 0.3904 0.4779 ~
500/4000 0.5390 0.6787 0.5764 0.8488
1000/100 0.6008 0.5549 0.4275 0.7990
GrandMean
Std.Dev.
0.5442 0.4561 0.4275 0.9084
variability. The most precise experimental technique for this observer was successive
inspection, with an average standard deviation of 0.427 Munsell chroma steps. The
simultaneous inspection and haploscopic techniques were nearly as precise as
successive i inspection with average standard deviations of 0.456 and 0.544 Munsell
chroma steps, respectively. Results for each of these three techniques suggest that
within observer variability was roughly 1/2 a step in Munsell chroma. As expected,
the short-term memory technique was the least precise, with variability of almost 1
step in Munsell chroma.
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In order to evaluate and compare the Hunt and Nayatani color appearance models,
observers data was transformed fromMunsell space to tristimulus space. The
transformation was necessary because both color appearance models require
illuminant and sample information to be input in the form of chromaticity coordinates
x and y, with tristimulus value Y. An existing computer program designed to convert
data fromMunsell to CIE space (or from CIE to Munsell space) was available on a
MacBeth spectrophotometer. The experimental results for all observers were averaged
for each sample and illuminance condition (Appendix C). These values were then
converted to CIE space (by means of the afore mentioned computer program) before
being input into a computer programmed versions of the Hunt and Nayatani color
appearance models (see Appendix D).
The Hunt and Nayatani color appearance models provide predictions for two general
matching conditions; a brightness-colorfulness match, or a lightness-chroma match.
Once the desired matching condition has been specified, both models provide
numerical estimates for either brightness and colorfulness, or lightness and chroma.
Since it is not known how well these numerical estimates of color appearance correlate
with visual observations, they are not easily interpreted. In other words, there is no
existing scale for colorfulness, so if a color appearance model assigns a value of 75.0
to the colorfulness of a particular sample, what does that number mean? In addition,
both models derive their values for colorfulness and chroma independendy, requiring
some further manipulation of the data before direct comparison ofmodel predictions
can be made.
This manipulation of the data required to place it in a meaningful format was
accomplished with a few simple steps. As stated previously, the average observer
response for each sample and illuminance condition were used as input for both color
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appearance models. The model predictions for colorfulness (represented by the letter
M) and chroma (represented by the letter C) were then averaged across parameters of
interest to look for general trends. Predictions ofM and C for all 12 samples were
averaged at each illuminance level for each experimental technique, thus allowing
general trends for different experimental techniques to be compared. In addition,
averages ofM and C were made across each Munsell value (3/, 51, and If) and for
each hue (red, green, yellow, and blue) for the three experimental techniques (see
Appendix E for data). In order to directly compare M and C predictions from the two
color appearance models the data was normalized to predicted M and C values for the
test condition (when both reference and matching scene illuminances were at 500 lux).
The results of these simple data manipulations for each of the three experimental
techniques are shown in Figures 6-1 through 6-12. In each of these figures, the color
appearance model term (either M or C) which is best predicting experimental
observations is that term which changes least with changes in illuminance. In other
words, the data which most nearly forms a straight horizontal line (at M or C = 1.0) is
best predicting average observer results. This is because average observer results were
used as input into the color appearance models. As average observer results change
with illuminance, so should color appearance model predictions. Hence, using
experimental observations as input, a perfect model should exactiy compensate for
changes in those observations due to illuminance (forming a perfectiy straight
horizontal line).
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Haploscopic Experiment:
Average Over All Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure 6-1. Model predictions of average haploscopic experimental observations.
Simultaneous Inspection:
Average Over All Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure 6-2. Model piedictions of average simultaneous inspection experimental
observations.
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Successive Inspection:
Average Over All Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure 6-3. Model predictions of average successive inspection experimental
observations.
Figures 6-1 through 6-3 show how well the colorfulness and chroma terms of the Hunt
and Nayatani color appearance models predict the average haploscopic, simultaneous
inspection, and successive inspection experimental observations, respectively. For all
three experimental techniques, the Hunt model's chroma parameter is best predicting
average observers estimations. The haploscopic results (seen in Figure 6-1) show
Hunt chroma predictions of experimental data to fall only slightly as matching booth
illuminance increases fiom 500 to 1000 lux, and thereafter Hunt C maintains a nearly
level straight line. The slight dip in the Hunt C curve is due to observers seeing a
slightly greater change in Munsell chroma for samples than the Hunt model would
predict. The next closest model term to predicting experimental data is Nayatani
chroma, which increases gradually with increases in illuminance. Nayatani chroma is
clearly predicting greater changes in chroma than were actually observed. It is
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interesting to note that Hunt's colorfulness predictions are nearly the same as
Nayatani's chroma predictions. Finally, Nayatani's colorfulness predictions are far too
large to predict the experimental observations. The trends for the simultaneous and
successive inspection techniques (Figures 6-2 and 6-3) are nearly the same as those
mentioned above, except that the Hunt chroma term predicted experimental
observations almost perfecdy for these techniques.
Based on the information in Figures 6-1 through 6-3, it is evident that observers under
these experimental conditions saw relatively small changes in color appearance with
illuminance. This is an indication that observers were judging CIE chroma when
making color appearance matches. Moreover, the Huntmodel's chroma term predicts
average observers responses surprisingly well. The Hunt chroma predictions for the
haploscopic experimental data were only slightly smaller than those observed, while
predictions for the remaining two techniques were nearly perfect. Considering that the
simultaneous and successive inspection techniques most closely simulate typical
conditions under which color appearance judgements are made, the Hunt chroma term
would appear to be ideal for predicting matches made under these conditions.
Figure 6-4 through 6-12 show model predictions of average experimental observations
for samples of various Munsell values. The model predictions for the haploscopic
data can be seen in Figures 6-4 through 6-6. The trends observed in the previous
figures are repeated when the data is analyzed according to Munsell value. In Figure
6-4 model predictions of average Munsell value 3 data show the Hunt chroma term to
again be the best predictor of experimental observations. Hunt's chroma term is
predicting only slighdy larger changes in chroma than were observed for the
haploscopic technique. Nayatani's chroma match is predicting larger changes in
appearance. The Hunt and Nayatani colorfulness terms are clearly not predicting the
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changes in appearance seen by observers. Figures 6-5 and 6-6 show similar plots for
Munsell value 5 and Munsell value 7 data (haploscopic technique). Again, the trends
are very similar to the Munsell value 3 data. Hunt's chroma is still predicting average
experimental observations very well. Nayatani's chroma match is predicting almost
the same change in appearance as Hunt's colorfulness match. Finally, Nayatani's
colorfulness match is predicting enormous changes in appearance.
Figures 6-7 through 6-12 are similarMunsell value plots for the simultaneous and
successive inspection techniques, respectively. Further discussion is not required for
these figures since they follow the same trends previously mentioned. Similar plots
have been made by averaging observations according to hue. These plots are not
presented here (see appendix F) as they do not illustrate any different trends than have
been already noted. As a general observation concerning Figures 6-1 through 6-12, it
would seem that the Hunt model is predicting very realistic changes in appearance
with it's chroma match. This fact raises some serious questions concerning the
magnitude of color appearance changes predicted by the Nayatani model. If the
results of the above figures provide any indication, Nayatani's chroma and
colorfulness matches, or the data that supports their magnitude, need to be re
evaluated.
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Haploscopic Experiment:
Average of Value 3/ Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure 6-4. Haploscopic technique. Model predictions of average observations for
Munsell value 3/ samples.
Haploscopic Experiment:
Average ofValue 5/ Observations
500 1000 1500 2000 2500
Illuminance (lux)
3000 3500 4000
Figure 6-5. Haploscopic technique. Model predictions of average observations for
Munsell value 5/ samples.
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Haploscopic Experiment:
Average over Value 7/ Observations
500 1000 1500 2000 2500
Illuminance (lux)
3000 3500 4000
Figure 6-6. Haploscopic Technique. Model predictions of average observations for
Munsell value 7/ samples.
Simultaneous Inspection:
Average ofValue 3/ Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure 6-7. Simultaneous inspection. Model predictions of average observations for
Munsell value 3/ samples.
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Simultaneous Inspection:
Average of Value 5/ Observations
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Figure 6-8. Simultaneous inspection. Model predictions of average observations for
Munsell value 5/ samples.
Simultaneous Inspection:
Average ofValue 7/ Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure 6-9. Simultaneous inspection. Model predictions of average observations for
Munsell value If samples.
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Successive Inspection:
Average ofValue 3/ Observations
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Figure 6-10. Successive inspection. Model predictions of average observations for
Munsell value 3/ samples.
Successive Inspection:
Average ofValue 5/ Observations
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Figure 6-1 1. Successive inspection. Model predictions of average observations
Munsell value 5/ samples.
for
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Successive Inspection:
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Figure 6-12. Successive inspection. Model predictions of average observations for
Munsell value 7/ samples.
While both the Hunt and Nayatani models estimate color appearance parameters like
colorfulness and chroma, the Nayatani model goes one step further and calculates the
chromaticity coordinates and Y for the corresponding color. This allowed a slightly
different experimental analysis to be performed comparing changes in color
appearance predicted by the Nayatani model with experimental observations. Rather
than inputting observer data into the Nayatani model, the actual tristimulus values of
the Munsell samples were used as input together with the luminances of the reference
and test scenes). The Nayatani model then predicted x, y and Y of the corresponding
color, and this data was used to compared to corresponding colors observed
experimentally.
Rather than measuring the actual tristimulus values ofMunsell samples
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spectrophotometrically, these values were acquired from theMunsell Renotation
System. Munsell produces samples within very tight tolerances to published
renotation values. Any error between the actual tristimulus values of the Munsell
samples and the theoretical renotation values would be negligibly small relative to
observer error in a visual experiment. Consequently, spectrophotometric measurement
of theMunsell samples was deemed unnecessary.
Because it was desired to perform the experimental analysis using a more intuitive
metric of color appearance than chromaticity coordinates (or CIEL*a*b* space), the
Nayatani predictions of corresponding colors were transformed into Munsell space
(see Appendix G).
The color appearance predictions ofNayatani, in addition to predicting changes in
Munsell chroma, also predict changes in Munsell hue and value. The experimental
techniques performed in this study were designed to measure only changes in Munsell
chroma. By limiting the responses of observers to only one color appearance
dimension, it was possible that the single number estimate reported by observers to
describe changes in appearance was in fact an estimate of color appearance changes in
more than one dimension. Due to the small magnitudes of color appearance changes
estimated by observers, such confounding of more than one color appearance
dimension into a single estimate seemed very unlikely. If observers were assessing
color appearance changes in more than one dimension with a single estimate, one
would expect that estimate to be larger than the change in one dimension (Munsell
chroma) predicted by the model. This was not the case. Comments made by
observers throughout the final experiments also provided an indication that hue and
value differences were not accounted for in the color appearance estimations. On
occasions when hue and/or value differences were apparent between the reference and
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matching samples, observers would make their best estimate while pointing out that an
exact match would require the matching samples to be
"redder"
or
"darker." If
observers were attempting to account for all changes in color appearance with a single
estimate, they would probably be unaware that more than one dimension was
contributing to a color appearance difference.
Experimental results for the haploscopic technique have been compared with
predictions made by the Nayatani color appearance model in Figure 6-13. Figure 6-13
shows how the average chroma predicted by observers for all 12 samples changes with
matching scene illuminance. On the same plot, are the changes in Munsell chroma
predicted by the Nayatani color appearance model for a lightness-chroma match and a
brightness-colorfulness match. The error bars surrounding the experimental results
are the average standard deviation for all 12 samples. This figure illustrates two
important facts about the haploscopic experimental results: first, the experimental
results follow the same general trends as the Nayatani model predicts, and second,
although the general trend is similar, the overall effect is much smaller for this
experiment that predicted by the model.
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HAPLOSCOPIC RESULTS COMPARED WITH
NAYATANI O-C AND B-M PREDICTIONS
(AVE. MUNSELL CHROMA FOR ALL SAMPLES).
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ILLUMINANCE (LUX)
3500
EXPC
NAY Q-C
NAY B-M
CONSTANT C
Figure 6-13. Average haploscopic results compared with Nayatani Q-C and B-M
models predictions.
Figure 6-14 shows the average chroma estimates for all 12 samples given by observers
during the simultaneous inspection technique. When compared with the predictions of
the Nayatani model, the experimental results show very little change in colorfulness
with increasing illuminance. These results suggest that when large illuminance
disparities exist between two scenes that are viewed simultaneously, observers are
more concerned with relative than absolute color appearance. Such a result has strong
implications for problems in color reproduction. As an example, considerable
attention is currently being directed toward hardcopy reproductions of CRT displays.
Because of the large differences in luminance between hardcopy and softcopy
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displays, absolute color reproduction is next to impossible. Relative color
reproduction would provide a much simpler solution to a complicated problem. If, as
these results suggest, observers would be satisfied with a relative color appearance
match of a CRT display, the imaging industry could save a great deal of time and
expense by focusing their efforts in that direction.
Figure 6-15 shows the average chroma estimates for all 12 samples given by observers
during the successive inspection experiment. This technique also shows little change
in color appearance with increasing matching scene illuminance. Here again, relative
color appearance seemed to be of greater importance than absolute color appearance.
Of the three techniques discussed, successive inspection would seem the most likely to
induce relative color appearance assessments. Since the reference and matching
samples cannot be seen at the same time, subde differences in the colorfulness of the
samples would be difficult to detect. It therefore comes as little surprise that the color
appearance assessments made by the successive inspection technique were more
relative than the results of either the haploscopic or simultaneous inspection technique.
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COMPARISON OF SIMULTANEOUS INSPECTION
RESULTS WITH NAYATANI Q-C AND B-M
PREDICTIONS
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Figure 6-13. Average simultaneous inspection results compared with Nayatani Q-C
and B-M models predictions.
COMPARISON OF SUCCESSIVE INSPECTION
RESULTS WITH NAYATANI Q-C AND B-M
PREDICTIONS
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Figure 6-15. Average successive inspection results compared with Nayatani Q-C and
B-M models predictions.
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An interesting feature of Figures 6-14 through 6-15 was the experimental result when
the matching scene illuminance was at 500 lx (the test condition). Under the test
condition, the reference and matching scenes are at the same illuminance, and
therefore no difference in color appearance should be apparent. For these three
figures, the experimental results should plot direcdy on top of the model predictions
(which predict no change in color appearance). However, the experimental result fell
below the actual average Munsell chroma for the 12 samples. Such a systematic error
suggested a flaw in the experimental design. Two possible explanations were
considered as the source of the systematic error. The first explanation lies in the
construction of the matching wheels. As may be recalled, each matching wheel was
designed to cover an entire range in Munsell chroma for a particular hue and value.
This chroma range was broken down into sample pairs of neighboringMunsell
chroma's. The Munsell chroma's of the sample pairs on the wheels were as follows:
/2-/4, /4-/6, /6-/8, /8-/10, and so on, up to the highest chroma sample for that particular
hue and value. For every Munsell chroma represented on a matching wheel, with the
exception of the highest and lowestMunsell chroma's, there were two samples. This
meant that when observers were estimating a color appearance match they had a 50%
probability of selecting either the closest chroma sample that was paired with a more
colorful sample, or the closest chroma sample that was paired with a less colorful
sample. Therefore, observer variability for colorfulness estimations could range both
above and below the
"true"
answer. Resulting estimations should then average very
near to the
"true"
answer. However, if observers were estimating at the high end of
the chroma scale, there was only one Munsell sample pair which would be closest to
the reference. This sample was always paired with a less colorful sample. The result
would be for observer variability to always be in the less colorful direction. It so
happens that all of the reference samples selected for these experiments were of
maximum Munsell chroma. Under the test condition, where both the reference and
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matching scenes were at 500 lx, observers would always have to choose the highest
chroma sample on the matching wheel for a perfect color appearance match.
Therefore, the effect described above would always be present. The second
explanation for the systematic error lies with the natural tendency of observers when
making estimations of this type. As previously stated, for observers to provide perfect
color appearance matches under the test condition, they would always have to select
the highest chroma sample in the matching scene. Throughout these experiments, the
less colorful of the two samples exposed through the window in the matching
surround was always assigned the number 0, and the more colorful sample was
assigned the number 2. Correct estimations would require observers to always use the
upper limit of the scale. While observers were willing to do this occasionally, the test
condition required observers to report the number 2 for twelve samples in immediate
succession. At times when observers were using the upper end of the scale repeatedly,
they often expressed anxiety, or a lack of confidence in their estimations. On these
occasions, observers were clearly aware of patterns in their estimations, and the very
fact that a pattern existed made them doubt their answers. The observer response
might be similar to that of a student who takes a multiple choice exam and answers
"b"
to every question on the test. Eventually the student begins to mistrust his first
instinct and report a less appropriate answer because he believes the test could not
have been designed with such a pattern.
Comparison of results for the haploscopic, simultaneous inspection, and successive
inspection techniques is illustrated in Figure 6-16. Results of all three techniques are
surprisingly similar. Figure 6-16 shows the average estimated chromas for all 12
samples for each technique. Results for the successive inspection technique fall nearly
on top of those for the simultaneous inspection technique. The haploscopic technique
had the largest colorfulness differences with increases in matching scene illuminance.
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However, the difference between the haploscopic results and those of the other two
techniques was only slighdy larger the half aMunsell chroma step. Considering that
within observer variability was roughly half a step in Munsell chroma, this difference
is quite small.
The differences between the predictions of the Nayatani appearance model and the
results of this research prompt a final comparison. During the development of the
Nayatani color appearance model, a number of studies were performed, similar in
nature to this research, which provided data from which the model predictions were
based. Perhaps partial explanations for the differences between the model predictions
and the experimental results of this study may be found by comparing experimental
designs.
Nayatani and Hashimoto (1988) used haploscopic matching to study the color
appearance of object colors with both the reference and matching scene under the
same illuminant. Illumination was provided by fluorescent tubes with correlated color
temperatures of 4150 K. A Munsell sample was placed in the right booth, and another
Munsell sample of the same hue and value was placed in the left booth, which was /2
or /4 steps higher inMunsell chroma. The illuminance of the right booth was kept at
2000 lx throughout the experiment. Nayatani's method was very similar to that of this
study, except the observer produced a color appearance match by adjusting (or
decreasing) the illuminance of the left booth, rather than by adjusting the stimulus.
Although the method of adjusting illuminance is similar in principle to this research,
there is a possible negative consequence of using this technique. Having an observer
match Munsell samples of different chroma's by adjusting illuminance, could be
considered as forcing an effect to occur. Since the observer cannot adjust the
stimulus, and must produce a match, the
"effect"
or the colorfulness difference is
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predetermined by the samples chosen for study.
Nayatani found that when the illuminance of the left booth was adjusted such that the
lightness and chroma of the two stimuli appeared to be the same, the samples differed
in brightness and colorfulness. Consequently, observers matched lightness and
chroma during one stage of the experiment, and brightness and colorfulness during
another. Nayatani's observers were then making either a relative color appearance
match, or an absolute color appearance match. For this thesis research, observers were
allowed to make color appearance matches according to their own criteria. It is
therefore possible that Nayatani's experimental results should not be direcdy
comparable with those of this study. However, since the samples selected, and
illuminances used during Nayatani's experiment were similar to those of this research,
a brief qualitative comparison may be useful. In Nayatani's experiment, the largest
difference in the reference and matching booth illuminances was found when
observers were attempting to produce a relative color appearance match. Since the
color appearance results of this thesis were more relative than absolute, they will be
compared to Nayatani's relative color appearance data.
Five of the nine sample pairs used in Nayatani's experiment had a difference in
Munsell chroma of /4 steps. The average illuminance of the left booth required to
produce a relative color appearance match for these 5 samples was 344 lx. This
corresponds to a matching/reference scene illuminance ratio of roughly 6:1. The two
closest illuminance ratios studied in this thesis were 4:1 and 8:1. The average change
in Munsell chroma for these two conditions (haploscopic technique) were /1.04 and
/1.26, respectively. Compared to the difference of /4 Munsell chroma steps in
Nayatani's experiment, these values are quite low. Possible causes for these
differences in experimental results are the "forced
effect"
ofNayatani's experimental
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design, and the fact that his observers were estimating relative and absolute color
appearance matches separately.
7.0 CONCLUSION
Four visual experiments were performed by 7 observers to test which of either CIE
colorfulness, or CIE chroma, was the predominant metric of choice during color
appearance assessments. The four experimental techniques included were
haploscopic, simultaneous inspection, successive inspection, and short-term memory
matching. The color appearance of 12 Munsell samples was evaluated for each
technique under 5 various reference and matching scene illuminance combinations of
D65. Experimental results suggested that CIE chroma was most important when
observers were trying to produce a color appearance match between two scenes at
different levels of illuminance. The results were compared with color appearance
predictions of the Hunt and Nayatani color appearance models. Although similar
trends were apparent for these results and the Nayatani model predictions, changes in
appearance were considerably smaller for this experimental design than those
suggested by Nayatani. The Hunt model's chroma term was determined to be
excellent predictor of the experimental observations. Under realistic viewing
conditions Hunt's chroma would appear to be ideally suited for predicting
experimental observations where observers are evaluating CIE chroma.
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APPENDK A
The following tables contain the color appearance estimations (in Munsell Chroma),
for all 7 observers, for each of the four experimental techniques used in this study.
Haploscopic Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 13.75 14.0 14.0 13.0 14.5 14.00
5PB 3/10 9.5 10.0 8.0 9.5 10.0 9.0 9.60
2.5G 3/10 10.0 9.0 9.5 9.0 10.0 10.0 9.56
5Y5/8 8.0 6.0 8.0 8.0 8.0 8.0 7.83
5R 7/10 9.0 8.5 10.0 10.0 10.0 10.0 10.10
5Y 7/12 12.0 10.0 11.5 11.0 13.0 11.0 11.83
2.5G 5/12 10.0 11.0 11.0 10.0 12.5 11.5 11.57
5PB 5/12 11.0 10.5 12.0 11.0 12.5 12.0 11.77
2.5G 7/10 8.5 9.5 10.0 9.0 11.0 10.5 10.23
5Y 8.5/14 13.0 12.0 13.5 14.0 14.0 13.0 13.33
5R 3/10 10.0 9.5 9.0 9.5 9.0 10.0 9.93
5PB7/8 6.5 7.0 8.0 8.0 8.5 7.75 8.23
; Average of 3 trials
Haploscopic Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 13.0 12.5 14.0 13.0 13.0 14.0 14.00
5PB 3/10 10.0 9.0 10.2 9.5 9.0 9.0 9.23
2.5G 3/10 9.0 8.5 9.7 9.0 8.0 10.0 9.27
5Y5/8 8.0 7.0 8.0 7.0 8.0 8.0 7.23
5R 7/10 9.0 9.5 10.0 9.0 8.5 9.0 9.10
5Y 7/12 10.0 9.75 12.0 12.0 12.0 12.0 11.83
2.5G5/12 10.5 9.0 11.5 11.0 9.0 12.0 11.00
5PB 5/12 10.5 10.0 11.0 11.0 11.0 11.0 10.83
2.5G 7/10 8.0 8.75 9.5 9.5 9.0 10.0 9.67
5Y 8.5/14 12.0 11.75 14.0 14.0 13.0 14.0 13.60
5R 3/10 9.0 8.5 10.0 8.0 8.5 10.0 9.67
5PB 7/8 6.0 5.5 7.5 6.5 7.5 6.0 7.83
* Average of 3 trials
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Haploscopic Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 13.0 12.5 13.5 13.0 12.5 14.0 12.67
5PB 3/10 8.0 9.0 8.0 7.5 9.0 9.0 8.93
2.5G 3/10 8.5 8.0 8.5 9.0 8.0 10.0 9.33
5Y5/8 7.0 7.0 8.0 7.5 8.0 8.0 6.17
5R 7/10 8.5 9.0 9.5 7.0 9.0 9.0 8.83
5Y 7/12 10.0 12.0 11.0 11.0 12.0 12.0 10.57
2.5G 5/12 10.0 9.0 12.0 11.0 11.0 12.0 11.17
5PB 5/12 8.5 10.5 11.5 10.5 11.0 11.0 11.23
2.5G 7/10 7.0 8.75 9.0 10.0 9.5 10.0 9.90
5Y 8.5/14 12.5 13.0 14.0 14.0 14.0 14.0 12.97
5R 3/10 8.0 7.5 9.0 8.0 9.0 9.0 9.30
5PB7/8 6.0 6.5 7.0 6.5 6.5 6.0 7.68
' Average of 3 trials
Haploscopic Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 11.5 12.5 14.0 12.5 13.0 14.0 12.73
5PB 3/10 8.0 8.25 8.0 8.0 9.0 8.0 8.50
2.5G 3/10 8.0 10.5 9.5 9.5 9.0 9.0 9.00
5Y5/8 7.0 8.25 7.0 7.0 7.0 7.0 7.17
5R 7/10 7.5 9.5 10.0 8.5 9.0 9.0 8.90
5Y 7/12 9.5 11.75 12.0 10.5 11.0 12.0 11.17
2.5G 5/12 9.0 7.0 9.5 11.0 11.0 11.0 11.00
5PB 5/12 9.0 10.5 11.0 10.5 11.0 11.0 11.10
2.5G 7/10 8.0 8.75 8.5 9.0 10.0 9.0 9.67
5Y 8.5/14 12.0 14.0 14.0 13.0 13.0 14.0 13.27
5R 3/10 7.5 8.75 7.5 9.0 7.0 7.0 9.43
5PB7/8 5.5 5.75 7.0 6.5 7.0 7.0 6.83
* Average of 3 trials
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Haploscopic Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/10 14.0 13.0 14.0 13.5 14.0 14.0 12.67
5PB 7/4 7.0 7.5 7.2 7.0 8.5 7.5 6.90
5Y 8.5/10 13.0 11.0 14.0 12.0 12.0 13.0 11.40
2.5G 5/8 11.0 12.0 12.5 11.0 12.5 13.0 10.73
5R7/6 8.5 5.5 9.5 8.0 8.0 7.0 6.77
2.5G 3/6 11.0 10.5 11.0 10.0 10.0 11.0 10.17
5PB 3/6 9.0 9.0 8.5 9.0 10.5 9.0 9.93
5Y5/4 7.0 5.5 7.0 6.0 7.0 6.0 4.33
2.5G 7/6 8.5 9.0 9.5 9.0 10.0 9.0 6.43
5R3/6 7.5 9.5 9.5 8.0 7.0 9.0 8.50
5PB5/8 11.0 12.0 12.2 11.0 12.5 12.0 9.67
5Y7/8 10.0 9.5 11.0 10.0 11.0 11.0 9.40
* Average of 3 trials
Simultaneous Inspection Technique: Munsell Chroma Estimations of
Observers
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 13.5 14.0 14.0 14.0 14.0 14.00
5PB 3/10 10.0 10.0 10.0 10.0 9.5 10.0 10.00
2.5G 3/10 10.0 8.5 10.0 10.0 9.5 10.0 9.33
5Y5/8 8.0 6.5 8.0 6.0 8.5 8.0 8.00
5R 7/10 10.0 9.5 10.0 10.0 10.5 10.0 10.00
5Y 7/12 11.0 11.0 12.0 12.0 12.0 11.0 10.67
2.5G 5/12 10.0 11.5 11.5 10.0 10.0 12.0 10.00
5PB 5/12 12.0 11.0 12.0 9.0 11.0 11.75 12.00
2.5G 7/10 10.0 9.5 10.0 9.0 10.5 10.0 10.00
5Y 8.5/14 13.0 13.5 14.0 14.0 15.0 14.0 12.67
5R 3/10 10.0 9.5 10.0 10.0 9.0 10.0 10.00
5PB7/8 8.0 8.25 8.5 8.0 9.0 7.0 8.07
* Average of 3 trials
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Simultaneous Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 13.5 13.2 14.0 14.0 13.0 13.33
5PB 3/10 9.0 8.5 9.0 10.0 9.0 10.0 9.60
2.5G 3/10 10.0 9.75 10.0 9.0 10.0 9.0 9.33
5Y5/8 8.0 8.0 8.0 8.0 8.0 8.0 8.00
5R 7/10 9.0 9.5 9.5 10.0 9.0 9.0 9.57
5Y 7/12 11.0 11.0 12.0 11.0 13.0 12.0 12.00
2.5G 5/12 12.0 12.0 11.5 12.0 13.0 12.0 12.00
5PB 5/12 12.0 12.5 10.0 11.0 13.0 11.0 11.93
2.5G 7/10 9.5 10.5 9.5 10.0 11.0 10.0 10.17
5Y 8.5/14 14.0 13.75 14.0 14.0 15.0 14.0 13.33
5R 3/10 9.5 10.0 8.5 8.0 9.0 9.0 9.57
5PB7/8 8.0 8.5 8.0 8.0 9.0 7.0 8.17
: Average of 3 trials
Simultaneous Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 13.0 13.5 13.0 13.0 13.0 13.0 12.07
5PB 3/10 8.0 8.5 9.5 8.0 7.0 9.0 8.53
2.5G 3/10 9.0 10.0 10.0 9.0 11.0 10.0 9.33
5Y5/8 8.0 8.5 7.5 8.0 9.0 7.0 8.00
5R 7/10 9.0 9.5 9.0 9.0 9.0 9.0 9.27
5Y 7/12 11.0 12.0 11.5 12.0 13.0 12.0 10.67
2.5G 5/12 11.5 12.25 12.0 12.0 13.0 11.0 11.33
5PB 5/12 11.0 12.5 12.0 9.5 13.0 11.0 12.00
2.5G 7/10 9.0 10.5 9.5 9.5 12.0 10.0 10.00
5Y 8.5/14 12.0 14.0 14.0 14.0 15.0 13.0 12.67
5R 3/10 8.0 9.0 8.5 8.0 9.0 9.0 9.00
5PB7/8 7.5 8.23 7.5 8.0 10.0 7.0 8.00
Average of 3 trials
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Simultaneous Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 12.0 14.0 12.5 14.0 16.0 13.0 12.33
5PB 3/10 8.0 8.0 8.0 9.5 7.0 8.0 8.83
2.5G 3/10 9.0 8.5 9.0 8.0 7.0 9.0 9.00
5Y5/8 7.0 8.25 7.5 8.0 7.0 7.0 6.83
5R 7/10 8.0 9.0 8.5 9.0 9.0 9.0 8.73
5Y 7/12 10.0 11.5 10.0 10.0 13.0 12.0 11.40
2.5G 5/12 10.0 10.5 11.0 12.0 14.0 12.0 11.67
5PB 5/12 11.5 12.25 11.5 9.0 14.0 11.0 11.00
2.5G 7/10 9.0 10.5 9.0 9.0 11.0 9.0 10.07
5Y 8.5/14 12.0 14.0 12.5 12.0 16.0 14.0 13.40
5R 3/10 8.0 8.0 8.5 9.0 9.0 9.0 9.00
5PB7/8 7.5 8.5 7.5 7.5 10.0 7.0 8.33
* Average of 3 trials
Simultaneous Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 12.0 10.0 12.0 10.0 12.0 13.0 10.67
5PB 7/4 3.5 5.0 4.0 5.0 5.0 5.0 4.67
5Y 8.5/10 10.0 9.5 10.5 12.0 11.0 10.0 8.93
2.5G 5/8 8.5 8.5 8.5 8.0 9.0 10.0 8.33
5R7/6 6.0 6.0 7.0 6.0 7.0 7.0 6.00
2.5G 3/6 8.0 9.0 7.5 8.0 9.0 10.0 7.83
5PB 3/6 8.0 8.0 7.0 8.0 9.0 9.0 8.40
5Y5/4 4.5 4.5 4.0 4.0 5.0 5.0 3.60
2.5G 7/6 5.5 5.5 6.5 6.0 7.0 8.0 5.67
5R3/6 6.5 7.0 6.5 8.0 8.5 8.0 6.93
5PB5/8 8.0 9.5 8.0 8.0 9.0 11.0 8.33
5Y7/8 8.0 7.25 9.0 10.0 9.0 9.0 7.40
Average of 3 trials
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Successive Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 12.5 14.0 14.0 12.5 14.0 14.00
5PB 3/10 10.0 9.0 10.0 10.0 9.5 10.0 10.00
2.5G 3/10 9.5 9.5 10.0 10.0 10.0 10.0 9.83
5Y5/8 8.0 8.0 8.0 8.0 8.0 8.0 7.27
5R 7/10 9.0 9.5 10.0 9.5 10.5 10.0 9.67
5Y 7/12 10.0 11.0 12.0 10.0 10.0 12.0 10.67
2.5G 5/12 11.0 11.75 12.0 12.0 12.0 10.0 10.00
5PB 5/12 11.0 10.5 12.0 10.0 11.5 10.0 11.60
2.5G 7/10 10.0 9.5 10.0 10.0 10.0 10.0 10.00
5Y 8.5/14 14.0 13.0 14.0 14.0 14.0 14.0 12.67
5R 3/10 9.5 8.5 9.0 10.0 9.5 10.0 10.00
5PB7/8 8.0 8.0 8.0 8.0 7.5 6.0 8.00
* Average of 3 trials
Successive Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 14.5 13.5 14.0 15.0 14.0 14.00
5PB 3/10 9.0 9.0 10.0 9.5 9.0 9.0 9.97
2.5G 3/10 10.0 10.25 10.0 10.0 11.5 9.0 9.67
5Y5/8 8.0 8.5 8.0 8.0 8.0 8.0 7.33
5R 7/10 9.0 9.0 9.5 9.0 11.0 10.0 9.67
5Y 7/12 12.0 12.0 12.0 11.0 13.0 11.0 11.67
2.5G 5/12 12.0 11.75 11.5 10.0 12.5 10.0 12.00
5PB 5/12 12.0 11.0 12.0 10.0 13.5 11.0 12.00
2.5G 7/10 10.0 9.5 10.0 10.0 12.0 10.0 10.00
5Y 8.5/14 14.0 14.0 14.0 14.0 14.0 14.0 14.00
5R 3/10 10.0 9.0 10.0 9.5 9.0 9.0 9.00
5PB7/8 7.5 8.25 8.5 8.0 9.5 7.0 8.07
* Average for 3 trials
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Successive Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 14.0 14.5 13.0 13.0 14.0 14.0 13.50
5PB 3/10 9.0 9.0 8.5 10.0 9.5 9.0 9.03
2.5G 3/10 9.0 10.5 10.0 10.0 8.0 9.0 9.33
5Y5/8 8.0 8.0 7.5 8.0 8.5 8.0 8.00
5R 7/10 9.0 9.0 9.0 8.0 9.0 8.0 10.00
5Y 7/12 12.0 11.0 12.0 10.0 12.0 12.0 12.00
2.5G 5/12 12.0 12.0 12.0 12.0 12.5 12.0 11.33
5PB 5/12 11.5 11.5 9.5 12.0 13.0 10.0 11.33
2.5G 7/10 9.0 10.5 9.0 10.0 11.0 10.0 10.07
5Y 8.5/14 13.5 13.0 13.5 12.0 14.5 14.0 13.67
5R 3/10 9.0 9.0 9.0 10.0 11.0 8.0 8.33
5PB 7/8 8.0 8.5 7.5 8.0 9.0 7.0 8.13
* Average of 3 trials
Successive Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/14 13.0 14.5 12.5 13.5 16.0 13.0 13.00
5PB 3/10 9.0 8.5 9.0 8.0 9.0 8.0 8.90
2.5G 3/10 10.0 11.0 9.5 9.0 11.0 7.0 10.00
5Y5/8 8.0 8.5 8.0 7.0 7.0 8.0 7.93
5R 7/10 8.0 9.0 8.5 9.0 9.5 8.0 9.87
5Y 7/12 12.0 12.5 11.0 9.0 13.0 12.0 11.33
2.5G 5/12 10.0 11.5 10.0 12.0 13.0 8.0 11.00
5PB 5/12 11.0 11.0 9.5 9.0 13.0 9.0 11.27
2.5G 7/10 9.5 9.5 9.0 9.0 11.0 10.0 10.00
5Y 8.5/14 14.0 13.0 13.0 12.0 15.0 14.0 13.67
5R 3/10 9.0 9.0 8.0 7.0 9.0 9.0 8.33
5PB7/8 7.5 8.5 8.0 7.0 9.0 7.0 8.23
* Average of 3 trials
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Successive Inspection Technique: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/10 12.0 11.0 10.0 10.0 11.0 12.0 9.33
5PB 7/4 4.5 4.5 4.5 5.0 5.0 6.0 4.67
5Y 8.5/10 10.0 10.0 10.5 11.0 10.0 10.0 10.00
2.5G 5/8 8.5 9.0 10.0 8.0 10.0 10.0 8.00
5R7/6 6.0 5.5 6.0 6.0 6.0 6.0 6.00
2.5G 3/6 8.0 8.5 9.0 9.0 8.0 10.0 8.00
5PB 3/6 8.0 8.25 8.5 8.0 8.0 8.0 8.00
5Y5/4 4.5 4.0 4.0 4.0 4.0 4.0 3.43
2.5G 7/6 6.0 5.5 7.0 5.0 7.0 6.0 5.87
5R3/6 8.0 7.0 8.0 6.0 8.5 8.0 7.67
5PB5/8 10.5 10.5 10.0 7.0 8.0 8.0 7.93
5Y7/8 8.0 7.0 9.0 9.0 9.0 8.0 7.07
* Average of 3 trials
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MemoryMatching: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/10 12.0 12.5 12.0 10.0 13.0 12.0 11.17
2.5G 5/8 10.0 10.0 12.0 8.0 10.5 10.0 8.67
5Y7/8 8.0 8.5 10.0 8.0 9.0 10.0 10.00
5PB7/8 10.0 9.0 10.0 8.0 9.5 10.0 9.67
MemoryMatching: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/10 12.0 13.0 14.0 10.0 12.5 12.0 11.17
2.5G 5/8 8.0 9.5 10.0 8.0 10.5 8.0 9.00
5Y7/8 10.0 12.0 10.0 6.0 10.0 10.0 9.33
5PB7/8 10.0 11.0 10.0 8.0 11.0 10.0 8.00
MemoryMatching: Munsell Chroma Estimations ofObservers
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. P.H. K.P. L.R. A.N. M.S. R.L. H.H.*
5R 5/10 12.0 12.5 11.5 8.0 11.5 10.0 10.00
2.5G 5/8 8.0 9.0 12.0 8.0 9.0 8.0 8.40
5Y7/8 8.0 9.5 8.0 8.0 9.0 10.0 9.50
5PB7/8 8.0 10.0 10.0 8.0 10.5 10.0 8.00
Average for 3 trials
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APPENDIX B
The following tables contain data for a single observer who performed each
observation 3 times. The results of these 3 trials were averaged and used as observer
H.H.'s data in Appendix A.
Haploscopic Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 14.0 14.0 14.0
5PB 3/10 10.0 9.8 9.0
2.5G 3/10 10.0 9.7 9.0
5Y5/8 7.5 8.0 8.0
5R 7/10 10.5 9.8 10.0
5Y 7/12 12.5 11.0 12.0
2.5G 5/12
,
12.0 11.5 11.2
5PB 5/12 12.0 11.8 11.5
2.5G 7/10 10.5 10.0 10.2
5Y 8.5/14 14.0 13.0 13.0
5R 3/10 10.0 10.0 9.8
5PB7/8 8.0 8.5 8.2
Haploscopic Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R5/14 13.7 14.5 13.8
5PB 3/10 9.7 9.0 9.0
2.5G 3/10 9.0 9.8 9.0
5Y5/8 7.7 7.0 7.0
5R 7/10 9.5 9.0 8.8
5Y 7/12 12.5 12.0 11.0
2.5G 5/12 12.0 11.0 10.0
5PB 5/12 11.0 11.0 10.5
2.5G 7/10 10.2 10.2 8.8
5Y 8.5/14 14.0 14.0 12.8
5R 3/10 9.7 9.8 9.5
5PB7/8 8.5 7.8 7.2
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Haplocopic Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 11.0 13.5 13.5
5PB 3/10 9.0 8.0 9.8
2.5G 3/10 9.0 10.0 9.0
5Y5/8 6.5 6.0 6.5
5R 7/10 9.0 9.0 8.5
5Y 7/12 11.5 10.0 10.2
2.5G 5/12 12.0 11.0 10.5
5PB 5/12 12.5 10.2 11.0
2.5G 7/10 9.7 10.2 9.8
5Y 8.5/14 13.7 13.0 12.2
5R 3/10 9.7 9.0 9.2
5PB7/8 8.25 7.0 7.8
Haploscopic Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 13.0 13.0 12.2
5PB 3/10 9.0 9.0 7.5
2.5G 3/10 10.5 9.0 7.5
5Y5/8 7.0 7.0 7.5
5R 7/10 9.0 8.5 9.2
5Y 7/12 11.0 10.5 12.0
2.5G 5/12 11.0 11.0 11.0
5PB 5/12 11.8 11.0 11.0
2.5G 7/10 9.0 10.2 9.8
5Y 8.5/14 13.8 13.0 13.0
5R 3/10 9.8 9.5 9.0
5PB7/8 7.0 6.5 7.0
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Haploscopic Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 12.0 13.0 13.0
5PB 7/4 6.5 7.2 7.0
5Y 8.5/10 10.2 13.0 11.0
2.5G 5/8 10.2 11.0 11.0
5R7/6 7.0 6.8 6.5
2.5G 3/6 10.0 10.5 10.0
5PB 3/6 9.8 10.0 10.0
5Y5/4 4.0 5.0 4.0
2.5G 7/6 6.0 6.8 6.5
5R3/6 8.0 9.5 8.0
5PB 5/8 8.8 9.2 11.0
5Y7/8 10.2 9.0 9.0
Simultaneous Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 14.0 14.0 14.0
5PB 3/10 10.0 10.0 10.0
2.5G 3/10 8.0 10.0 10.0
5Y5/8 8.0 8.0 8.0
5R 7/10 10.0 10.0 10.0
5Y 7/12 12.0 10.0 11.0
2.5G 5/12 10.0 10.0 10.0
5PB 5/12 12.0 12.0 j 12.0
2.5G 7/10 10.0 10.0 10.0
5Y 8.5/14 14.0 12.0 12.0
5R 3/10 10.0 10.0 10.0
5PB 7/8 8.2 8.0 8.0
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Simultaneous Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 13.0 13.0 14.0
5PB 3/10 9.0 9.8 10.0
2.5G 3/10 9.0 9.0 10.0
5Y5/8 8.0 8.0 8.0
5R 7/10 9.7 9.0 10.0
5Y 7/12 12.0 12.0 12.0
2.5G 5/12 12.0 12.0 12.0
5PB 5/12 11.8 12.0 12.0
2.5G 7/10 10.5 10.0 10.0
5Y 8.5/14 14.0 12.0 14.0
5R 3/10 9.5 9.2 10.0
5PB7/8 8.5 8.0 8.0
Simultaneous Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 12.0 12.0 12.2
5PB 3/10 8.0 8.8 8.8
2.5G 3/10 9.0 10.0 9.0
5Y5/8 8.0 8.0 8.0
5R 7/10 9.0 8.8 10.0
5Y 7/12 11.0 10.0 11.0
2.5G 5/12 10.0 12.0 12.0
5PB 5/12 12.0 12.0 12.0
2.5G 7/10 10.0 10.0 10.0
5Y 8.5/14 12.0 12.0 14.0
5R 3/10 9.0 9.0 9.0
5PB7/8 8.0 8.0 8.0
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Simultaneous Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 12.2 12.5 12.0
5PB 3/10 8.0 8.5 10.0
2.5G 3/10 9.0 8.0 10.0
5Y5/8 6.0 6.5 8.0
5R 7/10 9.0 8.2 9.0
5Y 7/12 12.0 10.2 12.0
2.5G 5/12 12.0 11.0 12.0
5PB 5/12 11.0 12.0 10.0
2.5G 7/10 10.2 10.0 10.0
5Y 8.5/14 14.0 12.2 14.0
5R 3/10 9.0 9.0 9.0
5PB7/8 9.0 8.0 8.0
Simultaneous Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 10.0 12.0 10.0
5PB 7/4 4.8 5.2 4.0
5Y 8.5/10 9.0 9.6 8.2
2.5G 5/8 9.0 8.0 8.0
5R7/6 6.0 6.0 6.0
2.5G 3/6 9.0 8.0 6.5
5PB 3/6 9.0 8.0 8.2
5Y5/4 4.0 3.8 3.0
2.5G 7/6 6.0 5.5 5.5
5R3/6 6.0 7.8 7.0
5PB5/8 8.0 8.0 9.0
5Y7/8 8.0 7.2 7.0
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Successive Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 14.0 14.0 14.0
5PB 3/10 10.0 9.9 10.0
2.5G 3/10 10.0 10.0 10.0
5Y5/8 8.0 8.0 6.0
5R 7/10 10.0 9.0 10.0
5Y 7/12 11.0 12.0 11.0
2.5G 5/12 10.0 12.0 10.0
5PB 5/12 11.0 12.0 12.0
2.5G 7/10 10.0 10.0 10.0
5Y 8.5/14 13.0 [ 14.0 13.0
5R 3/10 10.0 8.0 10.0
5PB7/8 8.0 8.0 8.0
Successive Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 1000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 14.0 14.0 14.0
5PB 3/10 10.0 9.9 10.0
2.5G 3/10 9.0 10.0 10.0
5Y5/8 6.0 8.0 8.0
5R 7/10 10.0 9.0 10.0
5Y 7/12 12.0 12.0 11.0
2.5G 5/12 12.0 12.0 12.0
5PB 5/12 12.0 12.0 12.0
2.5G 7/10 10.0 10.0 10.0
5Y 8.5/14 14.0 14.0 14.0
5R 3/10 9.8 8.0 9.2
5PB7/8 8.0 8.0 8.2
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Successive Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 2000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 13.0 14.0 13.5
5PB 3/10 8.0 9.9 9.2
2.5G 3/10 9.0 10.0 9.0
5Y5/8 8.0 8.0 8.0
5R 7/10 10.0 10.0 10.0
5Y 7/12 12.0 12.0 12.0
2.5G 5/12 12.0 12.0 10.0
5PB 5/12 12.0 12.0 10.0
2.5G 7/10 10.2 10.0 10.0
5Y 8.5/14 14.0 13.0 14.0
5R 3/10 8.0 8.0 9.0
5PB7/8 8.2 8.2 8.0
Successive Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/14 14.0 13.0 12.0
5PB 3/10 8.0 9.0 9.7
2.5G 3/10 10.0 10.0 10.0
5Y5/8 8.0 8.0 7.8
5R 7/10 10.0 9.8 9.8
5Y 7/12 12.0 10.0 12.0
2.5G 5/12 10.0 12.0 11.0
5PB 5/12 12.0 12.0 9.8
2.5G 7/10 10.0 10.0 10.0
5Y 8.5/14 14.0 13.0 14.0
5R 3/10 8.0 8.0 9.0
5PB7/8 8.5 8.2 8.0
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Successive Inspection Technique: Munsell Chroma estimations for observer H.H.
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 10.0 8.0 10.0
5PB 7/4 5.0 4.0 5.0
5Y 8.5/10 10.0 10.0 10.0
2.5G 5/8 8.0 8.0 8.0
5R7/6 6.0 6.0 6.0
2.5G 3/6 8.0 8.0 8.0
5PB 3/6 7.0 8.0 9.0
5Y5/4 3.0 3.5 3.8
2.5G 7/6 5.8 6.0 5.8
5R3/6 6.0 8.0 9.0
5PB 5/8 8.0 8.0 7.8
5Y7/8 7.0 7.0 7.2
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MemoryMatching Technique: Munsell chroma estimations for observer
H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 500 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 10.0 11.5 10.0
2.5G 5/8 8.0 8.0 8.0
5Y7/8 10.0 8.0 8.0
5PB7/8 10.0 8.0 9.0
Memory Matching Technique: Munsell chroma estimations for observer
H.H.
Reference booth illuminance: 500 lx
Matching booth illuminance: 4000 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 10.0 8.0 12.0
2.5G 5/8 9.0 8.2 8.0
5Y7/8 10.0 8.5 10.0
5PB 7/8 8.0 8.0 8.0
Memory Matching Technique: Munsell chroma estimations for observer
H.H.
Reference booth illuminance: 1000 lx
Matching booth illuminance: 100 lx
Ref. Sample
Munsell Not. Trial 1 Trial 2 Trial 3
5R 5/10 10.0 12.0 11.5
2.5G 5/8 10.0 9.0 8.0
5Y7/8 10.0 8.0 10.0
5PB 7/8 8.0 8.0 8.0
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APPENDIX C
The following tables contain the average results and simple statistics for the six
observers in each of the four experimental techniques (descriptive statistics for the
data in Appendix A and B).
Haploscopic Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 13.92 4.91E-01 6 14.00 13.00 14.50
5PB3/10 9.27 6.97E-01 6 9.50 8.00 10.00
2.5G3/10 9.68 4.04E-01 6 9.78 9.00 10.00
5Y5/8 7.97 6.81E-02 6 8.00 7.83 8.00
5R7/10 9.85 4.18E-01 6 10.0 9.00 10.10
5Y7/12 11.72 7.50E-01 6 11.67 11.00 13.00
2.5G5/12 11.09 0.977 6 11.25 10.00 12.50
5PB5/12 11.71 6.00E-01 6 11.88 11.00 12.50
2.5G7/10 9.87 9.43E-01 6 10.12 8.50 11.00
5Y 8.5/14 13.47 4.52E-01 6 13.44 13.00 14.00
5R3/10 9.57 4.80E-01 6 9.72 9.00 10.00
5PB7/8 7.83 6.99E-01 6 8.00 6.50 8.50
Haploscopic Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.50 5.48E-01 6 13.50 13.00 14.00
5PB 3/10 9.49 5.12E-01 6 9.37 9.00 10.20
2.5G 3/10 9.16 6.94E-01 6 9.13 8.00 10.00
5Y5/8 7.70 4.62E-01 6 8.00 7.00 8.00
5R 7/10 9.10 4.90E-01 6 9.00 8.50 10.00
5Y 7/12 11.64 8.06E-01 6 12.00 10.00 12.00
2.5G 5/12 10.83 1.03 6 11.00 9.00 12.00
5PB 5/12 10.89 2.02E-01 6 11.00 10.50 11.00
2.5G 7/10 9.28 7.04E-01 6 9.50 8.00 10.00
5Y 8.5/14 13.43 8.04E-01 6 13.80 12.0 14.00
5R 3/10 9.19 8.33E-01 6 9.33 8.00 10.00
5PB7/8 6.89 8.21E-01 6 7.00 6.00 7.83
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Haploscopic Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.11 5.54E-01 6 13.00 12.50 14.00
5PB 3/10 8.40 6.53E-01 6 8.47 7.50 9.00
2.5G 3/10 8.89 7.12E-01 6 8.75 8.00 10.00
5Y5/8 7.44 7.43E-01 6 7.75 6.17 8.00
5R 7/10 8.64 8.65E-01 6 8.92 7.00 9.50
5Y 7/12 11.09 7.92E-01 6 11.00 10.00 12.00
2.5G 5/12 11.19 7.48E-01 6 11.08 10.00 12.00
5PB 5/12 10.62 1.091 6 11.00 8.50 11.50
2.5G 7/10 9.23 1.160 6 9.70 7.00 10.00
5Y 8.5/14 13.58 6.71E-01 6 14.00 12.50 14.00
5R 3/10 8.72 5.67E-01 6 9.00 8.00 9.30
5PB7/8 6.61 6.44E-01 6 6.50 6.00 7.68
Haploscopic Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.96 0.955 6 12.87 11.50 14.00
5PB 3/10 8.25 4.18E-01 6 8.00 8.00 9.00
2.5G 3/10 9.00 5.48E-01 6 9.00 8.00 9.50
5Y5/8 7.03 6.80E-02 6 7.00 7.00 7.17
5R 7/10 8.82 8.13E-01 6 8.95 7.50 10.00
5Y 7/12 11.03 0.951 6 11.08 9.50 12.00
2.5G 5/12 10.42 9.17E-01 6 11.00 9.00 11.00
5PB 5/12 10.60 8.12E-01 6 11.00 9.00 11.10
2.5G 7/10 9.03 7.33E-01 6 9.00 8.00 10.00
5Y 8.5/14 13.21 7.49E-01 6 13.13 12.00 14.00
5R 3/10 7.90 1.049 6 7.50 7.00 9.43
5PB7/8 6.64 5.91E-01 6 6.92 5.50 7.00
Haploscopic Technique: Descriptive Statistics for Six Observers
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 13.69 5.42E-01 6 14.00 12.67 14.00
5PB 7/4 7.35 6.02E-01 6 7.10 6.90 8.50
5Y 8.5/10 12.57 9.42E-01 6 12.50 11.40 14.00
2.5G 5/8 11.79 0.984 6 11.75 10.73 13.00
5R7/6 7.96 1.001 6 8.00 6.77 9.50
2.5G 3/6 10.53 5.21E-01 6 10.58 10.00 11.00
5PB 3/6 9.32 7.41E-01 6 9.00 8.50 10.50
5Y5/4 6.22 1.047 6 6.50 4.33 7.00
2.5G 7/6 8.74 1.239 6 9.00 6.43 10.00
5R3/6 8.25 9.35E-01 6 8.25 7.00 9.50
5PB5/8 11.39 1.052 6 11.50 9.67 12.50
5Y7/8 0.40 6.93E-01 6 10.50 9.40 11.00
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Simultaneous Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 14.00 0.000 6 14.00 14.00 14.00
5PB3/10 9.92 2.04E-01 6 10.00 9.50 10.00
2.5G3/10 9.72 4.43E-01 6 10.00 9.00 10.00
5Y5/8 7.75 8.80E-01 6 8.00 6.00 8.50
5R7/10 10.08 2.04E-01 6 10.00 10.00 10.50
5Y7/12 11.44 6.20E-01 6 11.50 10.67 12.00
2.5G5/12 10.58 9.17E-01 6 10.00 10.00 12.00
5PB5/12 11.29 1.188 6 11.88 9.00 12.00
2.5G7/10 9.92 4.92E-01 6 10.00 9.00 10.50
5Y 8.5/14 13.78 8.34E-01 6 14.00 12.67 15.00
5R3/10 9.83 4.08E-01 6 10.00 9.00 10.00
5PB7/8 8.09 6.63E-01 6 8.03 7.00 9.00
Simultaneous Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 13.59 4.63E-01 6 13.67 13.00 14.00
5PB 3/10 9.43 4.97E-01 6 9.30 9.00 10.00
2.5G 3/10 9.56 5.02E-01 6 9.67 9.00 10.00
5Y5/8 8.00 0.000 6 8.00 8.00 8.00
5R 7/10 9.34 4.15E-01 6 9.25 9.00 10.00
5Y 7/12 11.83 7.53E-01 6 12.00 11.00 13.00
2.5G 5/12 12.08 4.92E-01 6 12.00 11.50 13.00
5PB 5/12 11.49 1.043 6 11.47 10.00 13.00
2.5G 7/10 10.03 5.52E-01 6 10.00 9.50 11.00
5Y 8.5/14 14.06 5.34E-01 6 9.00 8.00 9.57
5PB7/8 8.03 6.36E-01 6 8.00 7.00 9.00
Simultaneous Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.84 3.81E-01 6 13.00 12.07 13.00
5PB 3/10 8.34 8.77E-01 6 8.27 7.00 9.50
2.5G 3/10 9.72 7.72E-01 6 9.67 9.00 11.00
5Y5/8 7.92 6.65E-01 6 8.00 7.00 9.00
5R7/10 9.04 1.09E-01 6 9.00 9.00 9.27
5Y 7/12 11.69 8.33E-01 6 11.75 10.67 13.00
2.5G 5/12 11.81 7.03E-01 6 11.75 11.00 13.00
5PB 5/12 11.42 1.201 6 11.50 9.50 13.00
2.5G 7/10 10.00 1.049 6 9.75 9.00 12.00
5Y 8.5/14 13.44 1.089 6 13.50 12.00 15.00
5R 3/10 8.58 4.92E-01 6 8.75 8.00 9.00
5PB 7/8 8.00 1.049 6 7.75 7.00 10.00
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Simultaneous Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.31 1.492 6 12.75 12.00 16.00
5PB 3/10 8.22 8.54E-01 6 8.00 7.00 9.50
2.5G 3/10 8.50 8.37E-01 6 9.00 7.00 9.00
5Y5/8 7.22 4.43E-01 6 7.00 6.83 8.00
5R 7/10 8.71 4.00E-01 6 8.87 8.00 9.00
5Y 7/12 11.07 1.275 6 10.70 10.00 13.00
2.5G 5/12 11.78 1.328 6 11.83 10.00 14.00
5PB 5/12 11.33 1.602 6 11.25 9.00 14.00
2.5G 7/10 9.51 8.45E-01 6 9.00 9.00 11.00
5Y 8.5/14 13.32 1.537 6 12.95 12.00 16.00
5R 3/10 8.75 4.18E-01 6 9.00 8.00 9.00
5PB7/8 7.97 1.082 6 7.50 7.00 10.00
Simultaneous Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 11.61 1.083 6 12.00 10.00 13.00
5PB 7/4 4.53 6.36E-01 6 4.83 3.50 5.00
5Y 8 .5/14 10.41 1.039 6 10.25 8.93 12.00
2.5G 5/8 8.72 7.04E-01 6 8.50 8.00 10.00
5R7/6 6.50 5.48E-01 6 6.50 6.00 7.00
2.5G 3/6 8.39 9.35E-01 6 8.00 7.50 10.00
5PB 3/6 8.23 7.53E-01 6 8.20 7.00 9.00
5Y5/4 4.35 5.79E-01 6 4.25 3.60 5.00
2.5G 7/6 6.45 9.41E-01 6 6.25 5.50 8.00
5R3/6 7.40 8.68E-01 6 7.47 6.50 8.50
5PB5/8 8.72 1.182 6 8.17 8.00 11.00
5Y7/8 8.73 9.09E-01 6 9.00 7.40 10.00
Successive Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.75 6.12E-01 6 14.00 12.50 14.00
5PB 3/10 9.92 2.04E-01 6 10.00 9.50 10.00
2.5G 3/10 9.89 2.02E-01 6 10.00 9.50 10.00
5Y5/8 7.88 2.99E-01 6 8.00 7.27 8.00
5R 7/10 9.78 5.13E-01 6 9.83 9.00 10.50
5Y 7/12 10.78 0.981 6 10.33 10.00 12.00
2.5G 5/12 11.17 0.983 6 11.50 10.00 12.00
5PB 5/12 11.02 8.49E-01 6 11.25 10.00 12.00
2.5G 7/10 10.00 0.000 6 10.00 10.00 10.00
5Y 8.5/14 13.78 5.44E-01 6 14.00 12.67 14.00
5R 3/10 9.67 4.08E-01 6 9.75 9.00 10.00
5PB7/8 7.58 8.01E-01 6 8.00 6.00 8.00
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Successive Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 14.08 4.92E-01 6 14.00 13.50 15.00
5PB 3/10 9.41 4.84E-01 6 9.25 9.00 10.00
2.5G 3/10 10.03 8.19E-01 6 10.00 9.00 11.50
5Y5/8 7.89 2.72E-01 6 8.00 7.33 8.00
5R 7/10 9.69 7.48E-01 6 9.58 9.00 11.00
5Y 7/12 11.78 7.50E-01 6 11.83 11.00 13.00
2.5G 5/12 11.33 1.080 6 11.75 10.00 12.50
5PB 5/12 11.75 1.173 6 12.00 10.00 13.50
2.5G 7/10 10.33 8.16E-01 6 10.00 10.00 12.00
5Y 8.5/14 14.00 0.000 6 14.00 14.00 14.00
5R 3/10 9.42 4.92E-01 6 9.25 9.00 10.00
5PB 7/8 8.09 8.60E-01 6 8.03 7.00 9.50
Successive Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.58 4.92E-01 6 13.75 13.00 14.00
5PB 3/10 9.12 5.44E-01 6 9.00 8.50 10.00
2.5G 3/10 9.22 7.50E-01 6 9.17 8.00 10.00
5Y5/8 8.00 3.16E-01 6 8.00 7.50 8.50
5R 7/10 8.83 7.53E-01 6 9.00 8.00 10.00
5Y 7/12 11.67 8.16E-01 6 12.00 10.00 12.00
2.5G 5/12 11.97 3.73E-01 6 12.00 11.33 12.50
5PB 5/12 11.22 1.290 6 11.41 9.50 13.00
2.5G 7/10 9.84 7.56E-01 6 10.00 9.00 11.00
5Y 8.5/14 13.53 8.39E-01 6 13.59 12.00 14.50
5R 3/10 9.22 1.109 6 9.00 8.00 11.00
5PB7/8 7.94 6.70E-01 6 8.00 7.00 9.00
Successive Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.50 1.265 6 13.00 12.50 16.00
5PB 3/10 8.65 5.05E-01 6 8.95 8.00 9.00
2.5G 3/10 9.42 1.357 6 9.75 7.00 11.00
5Y5/8 7.65 5.08E-01 6 7.97 7.00 8.00
5R 7/10 8.81 7.79E-01 6 8.75 8.00 9.87
5Y 7/12 11.39 1.357 6 11.66 9.00 13.00
2.5G 5/12 10.67 1.751 6 10.50 8.00 13.00
5PB 5/12 10.46 1.586 6 10.25 9.00 13.00
2.5G 7/10 9.75 7.58E-01 6 9.75 9.00 11.00
5Y 8.5/14 13.61 1.020 6 13.84 12.00 15.00
5R 3/10 8.39 8.00E-01 6 8.67 7.00 9.00
5PB 7/8 7.79 7.79E-01 6 7.75 7.00 9.00
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Successive Inspection Technique: Descriptive Statistics for Six Observers
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 10.72 1.124 6 10.50 9.33 12.00
5PB 7/4 4.94 5.64E-01 6 4.83 4.500 6.00
5Y 8.5/10 10.25 4.18E-01 6 10.00 10.00 11.00
2.5G 5/8 9.08 1.021 6 9.25 8.00 10.00
5R7/6 6.00 0.000 6 6.00 6.00 6.00
2.5G 3/6 8.67 8.16E-01 6 8.50 8.00 10.00
5PB 3/6 8.08 2.04E-01 6 8.00 8.00 8.50
5Y5/4 3.99 3.38E-01 6 4.00 3.43 4.50
2.5G 7/6 6.14 7.61E-01 6 6.00 5.00 7.00
5R3/6 7.69 8.72E-01 6 8.00 6.00 8.50
5PB5/8 8.57 1.363 6 8.00 7.00 10.50
5Y7/8 8.34 7.95E-01 6 8.50 7.07 9.00
MemoryMatching Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 11.58 1.114 6 12.00 10.00 13.00
2.5G 5/8 9.75 1.541 6 10.00 8.00 12.00
5Y7/8 8.94 9.05E-01 6 8.83 8.00 10.00
5PB5/8 9.42 8.01E-01 6 9.75 8.00 10.00
MemoryMatching Technique: Descriptive Statistics for Six Observers
Reference illuminance: 500 lx
Matching illuminance 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 10.50 1.483 6 10.75 8.00 12.00
2.5G 5/8 8.90 1.568 6 8.20 8.00 12.00
5Y7/8 8.75 8.80E-01 6 8.50 8.00 10.00
5PB5/8 9.08 1.201 6 9.00 8.00 10.50
Memory Matching Technique: Descriptive Statistics for Six Observers
Reference illuminance: 1000 lx
Matching illuminance 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 11.95 1.34 6 12.00 10.00 14.00
2.5G 5/8 8.91 1.11 6 8.50 8.00 10.50
5Y 7/8 9.22 1.60 6 10.00 6.00 10.00
5PB5/8 9.50 1.22 6 10.00 8.00 11.00
134
The following tables contain the average results for 3 trials made by observer H.H.
(descriptive statistics for the data in Appendix B).
Haploscopic Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 14.00 0.000 3 14.00 14.00 14.00
5PB3/10 9.60 5.29E-01 3 9.80 9.00 10.00
2.5G3/10 9.57 5.13E-01 3 9.70 9.00 10.00
5Y5/8 7.83 2.89E-01 3 8.00 7.50 8.00
5R7/10 10.10 3.61E-01 3 10.00 9.80 10.50
5Y7/12 11.83 7.64E-01 3 12.00 11.00 12.50
2.5G5/12 11.57 4.04E-01 3 11.50 11.20 12.00
5PB5/12 11.77 2.52E-01 3 11.80 11.50 12.00
2.5G7/10 10.23 2.52E-01 3 10.20 10.00 10.50
5Y 8.5/14 13.33 5.77E-01 3 13.00 13.00 14.00
5R3/10 9.93 1.15E-01 3 10.00 9.80 10.00
5PB7/8 8.23 2.52E-01 3 8.20 8.00 8.50
Haploscopic Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 14.00 4.36E-01 3 13.80 13.70 14.50
5PB 3/10 9.23 4.04E-01 3 9.00 9.00 9.70
2.5G 3/10 9.27 4.62E-01 3 9.00 9.00 9.80
5Y5/8 7.23 4.04E-01 3 7.00 7.00 7.70
5R 7/10 9.10 3.61E-01 3 9.00 8.80 9.50
5Y 7/12 11.83 7.64E-01 3 12.00 11.00 12.50
2.5G 5/12 11.00 1.000 3 11.00 10.00 12.00
5PB 5/12 10.83 2.89E-01 3 11.00 10.50 11.00
2.5G 7/10 9.73 8.08E-01 3 10.20 8.800 10.20
5Y 8.5/14 13.60 6.93E-01 3 14.00 12.80 14.00
5R 3/10 9.67 1.53E-01 3 9.70 9.50 9.80
5PB7/8 7.83 6.51E-01 3 7.80 7.20 8.50
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Haploscopic Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.67 1.443 3 13.50 11.00 13.50
5PB 3/10 8.93 9.02E-01 3 9.00 8.00 9.80
2.5G 3/10 9.33 5.77E-01 3 9.00 9.00 10.00
5Y5/8 6.33 2.89E-01 3 6.50 6.00 6.50
5R 7/10 8.83 2.89E-01 3 9.00 8.50 9.00
5Y 7/12 10.57 8.14E-01 3 10.20 10.00 11.50
2.5G 5/12 11.17 7.64E-01 3 11.00 10.50 12.00
5PB 5/12 11.23 1.168 3 11.00 10.20 12.50
2.5G 7/10 9.90 2.65E-01 3 9.80 9.70 10.20
5Y 8.5/14 12.97 7.51E-01 3 13.00 12.20 13.70
5R 3/10 9.30 3.61E-01 3 9.20 9.00 9.70
5PB7/8 7.68 6.33E-01 3 7.80 7.00 8.25
Haploscopic Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.73 4.62E-01 3 13.00 12.20 13.00
5PB 3/10 8.50 8.66E-01 3 9.00 7.50 9.00
2.5G 3/10 9.00 1.500 3 9.00 7.50 10.50
5Y5/8 7.17 2.89E-01 3 7.00 7.00 7.50
5R 7/10 8.90 3.61E-01 3 9.00 8.50 9.20
5Y 7/12 11.17 7.64E-01 3 11.00 10.50 12.00
2.5G 5/12 11.00 0.000 3 11.00 11.00 11.00
5PB 5/12 11.27 4.62E-01 3 11.00 11.00 11.80
2.5G 7/10 9.67 6.11E-01 3 9.80 9.00 10.20
5Y 8.5/14 13.27 4.62E-01 3 13.00 13.00 13.80
5R 3/10 9.43 4.04E-01 3 9.50 9.00 9.80
5PB7/8 6.83 2.89E-01 3 7.00 6.50 7.00
Haploscopic Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 12.67 5.77E-01 3 13.00 12.00 13.00
5PB 7/4 6.90 3.61E-01 3 7.00 6.50 7.20
5Y 8.5/10 11.40 1.442 3 11.00 10.20 13.00
2.5G 5/8 10.73 4.62E-01 3 11.00 10.20 11.00
5R7/6 6.77 2.52E-01 3 6.80 6.50 7.00
2.5G 3/6 10.17 2.89E-01 3 10.00 10.00 10.50
5PB 3/6 9.93 1.15E-01 3 10.00 9.80 10.00
5Y5/4 4.33 5.77E-01 3 4.00 4.00 5.00
2.5G 7/6 6.43 4.04E-01 3 6.50 6.00 6.80
5R3/6 8.50 8.66E-01 3 8.00 8.00 9.50
5PB 5/8 9.67 1.172 3 9.20 8.80 11.00
5Y7/8 9.40 6.93E-01 3 9.00 9.00 10.20
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Simultaneous Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 14.00 0.000 3 14.00 14.00 14.00
5PB3/10 10.00 0.000 3 10.00 10.00 10.00
2.5G3/10 9.33 1.155 3 10.00 8.00 10.00
5Y5/8 8.00 0.000 3 8.00 8.00 8.00
5R7/10 10.00 0.000 3 10.00 10.00 10.00
5Y7/12 11.00 1.000 3 11.00 10.00 12.00
2.5G5/12 10.00 0.000 3 10.00 10.00 10.00
5PB5/12 12.00 0.000 3 12.00 12.00 12.00
2.5G7/10 10.00 0.000 3 10.00 10.00 10.00
5Y 8.5/14 12.67 1.155 3 12.00 12.00 14.00
5R3/10 10.00 0.000 3 10.00 10.00 10.00
5PB7/8 8.07 1.15E-01 3 8.00 8.00 8.20
Simultaneous Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.33 5.77E-01 3 13.00 13.00 14.00
5PB 3/10 9.60 5.29E-01 3 9.80 9.00 10.00
2.5G 3/10 9.33 5.77E-01 3 9.00 9.00 10.00
5Y5/8 8.00 0.000 3 8.00 8.00 8.00
5R 7/10 9.57 5.13E-01 3 9.70 9.00 10.00
5Y 7/12 12.00 0.000 3 12.00 12.00 12.00
2.5G 5/12 12.00 0.000 3 12.00 12.00 12.00
5PB 5/12 11.93 1.15E-01 3 12.00 11.80 12.00
2.5G 7/10 10.17 2.89E-01 3 10.00 10.00 10.50
5Y 8.5/14 13.33 1.155 3 14.00 12.00 14.00
5R 3/10 9.57 4.04E-01 3 9.50 9.20 10.00
5PB7/8 8.17 2.89E-01 3 8.00 8.00 8.50
Simultaneous Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.07 1.15E-01 3 12.00 12.00 12.20
5PB 3/10 8.53 4.62E-01 3 8.80 8.00 8.80
2.5G 3/10 9.33 5.77E-01 3 9.00 9.00 10.00
5Y5/8 8.00 0.000 3 8.00 8.00 8.00
5R 7/10 9.27 6.43E-01 3 9.00 8.80 10.00
5Y 7/12 10.67 5.77E-01 3 11.00 10.00 11.00
2.5G 5/12 11.33 1.155 3 12.00 10.00 12.00
5PB 5/12 12.00 0.000 3 12.00 12.00 12.00
2.5G 7/10 10.00 0.000 3 10.00 10.00 10.00
5Y 8.5/14 12.67 1.155 3 12.00 12.00 14.00
5R 3/10 9.00 0.000 3 9.00 9.00 9.00
5PB7/8 8.00 0.000 3 8.00 8.00 8.00
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Simultaneous Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 12.23 2.52E-01 3 2.20 12.00 12.50
5PB 3/10 8.83 1.041 3 8.50 8.00 10.00
2.5G 3/10 9.00 1.000 3 9.00 8.00 10.00
5Y5/8 6.83 1.041 3 6.50 6.00 8.00
5R 7/10 8.73 4.62E-01 3 9.00 8.20 9.00
5Y 7/12 11.40 1.039 3 12.00 10.20 12.00
2.5G 5/12 11.67 5.77E-01 3 12.00 11.00 12.00
5PB 5/12 11.00 1.000 3 11.00 10.00 12.00
2.5G 7/10 10.07 1.15E-01 3 10.00 10.00 10.20
5Y 8.5/14 13.40 1.039 3 14.00 12.20 14.00
5R 3/10 9.00 0.000 3 9.00 9.00 9.00
5PB7/8 8.33 5.77E-01 3 8.00 8.00 9.00
Simultaneous Inspection Technique:
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
Descriptive Statistics for Observer H.H.
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 10.67 1.155 3 10.00 10.00 12.00
PB7/4 4.67 6.11E-01 3 4.80 4.00 5.20
5Y 8.5/10 8.93 7.02E-01 3 9.00 8.20 9.60
2.5G 5/8 8.33 5.77E-01 3 8.00 8.00 9.00
5R7/6 6.00 0.000 3 6.00 6.00 6.00
2.5G 3/6 7.83 1.258 3 8.00 6.50 9.00
5PB 3/6 8.40 5.29E-01 3 8.20 8.00 9.00
5Y5/4 3.60 5.29E-01 3 3.80 3.00 4.00
2.5G 7/6 5.67 2.89E-01 3 5.50 5.50 6.00
5R3/6 6.93 9.02E-01 3 7.00 6.00 7.80
5PB5/8 8.33 5.77E-01 3 8.00 8.00 9.00
5Y7/8 7.40 5.29E-01 3 7.20 7.00 8.00
Successive Inspection Technique:
Reference illuminance: 500 lx
Matching illuminance: 500 lx
Descriptive Statistics for Observer H.H.
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 14.00 0.000 3 14.00 14.00 14.00
5PB 3/10 10.00 0.000 3 10.00 10.00 10.00
2.5G 3/10 9.83 2.89E-01 3 10.00 9.50 10.00
5Y5/8 7.27 1.102 3 7.80 6.00 8.00
5R 7/10 9.67 5.77E-01 3 10.00 9.00 10.00
5Y 7/12 10.67 5.77E-01 3 11.00 10.00 11.00
2.5G 5/12 10.00 0.000 3 10.00 10.00 10.00
5PB 5/12 11.60 5.29E-01 3 11.80 11.00 12.00
2.5G 7/10 10.00 0.000 3 10.00 10.00 10.00
5Y 8.5/14 12.67 5.77E-01 3 13.00 12.00 13.00
5R 3/10 10.00 0.000 3 10.00 10.00 10.00
5PB7/8 8.00 0.000 3 8.00 8.00 8.00
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Successive Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 14.00 0.000 3 14.00 14.00 14.00
5PB 3/10 9.97 5.77E-02 3 10.00 9.90 10.00
2.5G 3/10 9.67 5.77E-01 3 10.00 9.00 10.00
5Y5/8 7.33 1.155 3 8.00 6.00 8.00
5R 7/10 9.67 5.77E-01 3 10.00 9.00 10.00
5Y 7/12 11.67 5.77E-01 3 12.00 11.00 12.00
2.5G 5/12 12.00 0.000 3 12.00 12.00 12.00
5PB 5/12 12.00 0.000 3 12.00 12.00 12.00
2.5G 7/10 10.00 0.000 3 10.00 10.00 10.00
5Y 8.5/14 14.00 0.000 3 14.00 14.00 14.00
5R 3/10 9.00 9.16E-01 3 9.20 8.00 9.80
5PB7/8 8.07 1.15E-01 3 8.00 8.00 8.20
Successive Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R5/14 13.50 5.00E-01 3 13.50 13.00 14.00
5PB3/10 9.03 0.961 3 9.20 8.000 9.90
2.5G3/10 9.33 5.77E-01 3 9.00 9.000 10.00
5Y5/8 8.00 0.000 3 8.00 8.00 8.00
5R7/10 10.00 0.000 3 10.00 10.00 10.00
5Y7/12 12.00 0.000 3 12.00 12.00 12.00
2.5G5/12 11.33 1.155 3 12.00 10.00 12.00
5PB5/12 11.33 1.155 3 12.00 10.00 12.00
2.5G7/10 10.07 1.15E-01 3 10.00 10.00 10.20
5Y 8.5/14 13.67 5.77E-01 3 14.00 13.00 14.00
5R3/10 8.33 5.77E-01 3 8.00 8.00 9.00
5PB7/8 8.13 1.15E-01 3 8.20 8.00 8.20
Successive Inspection Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/14 13.00 1.000 3 13.00 12.00 14.00
5PB 3/10 8.90 8.54E-01 3 9.00 8.00 9.70
2.5G 3/10 10.00 0.000 3 10.00 10.00 10.00
5Y5/8 7.93 1.15E-01 3 8.00 7.80 8.00
5R 7/10 9.87 1.15E-01 3 9.80 9.80 10.00
5Y 7/12 11.33 1.155 3 12.00 10.00 12.00
2.5G 5/12 11.00 1.000 3 11.00 10.00 12.00
5PB 5/12 11.27 1.270 3 12.00 9.80 12.00
2.5G 7/10 10.00 0.000 3 10.00 10.00 10.00
5Y 8.5/14 13.67 5.77E-01 3 14.00 13.00 14.00
5R 3/10 8.33 5.77E-01 3 8.00 8.00 9.00
5PB7/8 8.13 1.15E-01 3 8.20 8.00 8.20
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Successive Inspection Technique:
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
Descriptive Statistics for Observer H.H.
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 9.33 1.155 3 10.00 8.00 10.00
5PB 7/4 4.67 5.77E-01 3 5.00 4.00 5.00
5Y 8.5/10 10.00 0.000 3 10.00 10.00 10.00
2.5G 5/8 8.00 0.000 3 8.00 8.00 8.00
5R7/6 6.00 0.000 3 6.00 6.00 6.00
2.5G 3/6 8.00 0.000 3 8.00 8.00 8.00
5PB 3/6 8.00 1.000 3 8.00 7.00 9.00
5Y5/4 3.43 4.04E-01 3 3.50 3.00 3.80
2.5G 7/6 5.87 1.15E-01 3 5.80 5.80 6.00
5R3/6 7.67 1.528 3 8.00 6.00 9.00
5PB5/8 7.93 1.15E-01 3 8.00 7.80 8.00
5Y7/8 7.07 1.15E-01 3 7.00 7.00 7.20
Memory Matching Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 500 lx
Matching illuminance: 500 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 10.50 8.66E-01 3 10.00 10.00 11.50
2.5G 5/8 8.00 0.000 3 8.00 8.00 8.00
5Y7/8 8.67 1.155 3 8.00 8.00 10.00
5B7/8 9.00 1.000 3 9.00 8.00 10.00
Memory Matching Technique:
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
Descriptive Statistics for Observer H.H.
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 10.00 2.000 3 10.00 8.00 12.00
2.5G 5/8 8.40 5.29E-01 3 8.20 8.00 9.00
5Y7/8 9.50 8.66E-01 3 10.00 8.50 10.00
5B7/8 8.00 0.000 3 8.000 8.00 8.00
Memory Matching Technique: Descriptive Statistics for Observer H.H.
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
SAMPLE MEAN S.D. N MEDIAN MIN. MAX.
5R 5/10 11.17 1.04 3 11.50 10.00 12.00
2.5G 5/8 9.00 1.00 3 9.00 8.00 10.00
5Y7/8 9.33 1.15 3 10.00 8.00 10.00
5B5/8 8.00 0.00 3 8.00 8.00 8.00
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APPENDIX D
The following computer program is a Fortran version of the Hunt color
appearance model.
REAL capYo, Eor, Lor, PI, eofR, eofG, BILor, tR, tY,
* tG, LB, esR, esY, esG, esB, PhiRB, PhiYR, PhiGY, PhiBG, esT
* Rw, Gw, ReD65, GwD65, br2, mRG2, mYB2, eofR2, eofG2
DIMENSION X(2), Y(2), Z(2), R(2), G(2), B(2), Eo(2), xo(2), yo(2),
* XI(2), ETA(2), ZETA(2), Ro(2), Go(2), Bo(2), BlRo(2), B1G0(2),
* B2B0(2), Q(2), XT(2), XP(2), THETA(2), T(2), P(2), Br(2), Brw(2),
* BrwD65(2), M(2), Mrg(2), Myb(2), q2(2), t2(2), p2(2), Kr(2),
Kg(2), Kb(2)
WRITE(6,*) 'ENTER THE TSVS OF THE TEST COLOR'
READ(5,*)X(1),Y(1),Z(1)
C TRANSFORMATION USING E-H-P PRIMARIES
R(l) = 0.40024*X(1) + 0.70760*(Y(1) - 0.08081*Z(1)
G(l) = -0.22630*X(1) + 1.16532*Y(1) + 0.04570*Z(1)
B(l) = 0.91882*Z(1)
C THE CHROMATICITY COORDINATES OF THE TEST ILLUMINANT (ILL. C)
xo(l) = 0.3101
yo(l) = 0.3162
C THE ILLUMINANCE IN LUX
Eo(l) = 500.0
C THE CHROMATICITY COORD. OF THE REFERENCE ILLUMINANT (ILL. C)
xo(2) = 0.3101
yo(2) = 0.3162
C READ IN THE REFERENCE ILLUMINANCE IN LUX
WRITE(6,*) 'ENTER THE REFERENCE SCENE ILLUMINANCE IN
LUX'
READ(5,*) Eo(2)
C BACKGROUND REFLECTANCE
capYo = 20.0
C THE NORMALIZING ILLUMINANCE
Eor(l) = 500.0
C CALCULATING THE NORMALIZED LUMINANCE
PI = 3.1415927
Lor = (capYo*Eo)/(100.0*PI)
C LOOPING THROUGH THE COLORFULNESS EQUATIONS
DO 100 I =1,2
C TRANSFORMING THE CHROMATICITIES OF THE NORMALIZING
C ILLUMINANT TO E-H-P PRIMARY SYSTEM
XI(I) = (0.48105*xo(I) + 0.7884 l*yo(I) - 0.0808 l*zo(I))/yo2
ETA(I) = (-0.27200*xo(I) + 01.11962*yo(I) + 0.04570)/yo(I)
ZETA(I) = 0.91822*(1.0 - xo(I) - yo(I))/yo(I)
141
C CALCULATING THE EFFECTIVE ADAPTING LEVELS OF RECEPTORS
C (SPECIFIED BY BACKGROUND AND ILLUMINANT)
Ro(I) = 0.20*Eo(I)*XI(I)
Go(I) = 0.20*Eo(T)*ETA(I)
Bo = 0.20*Eo(I)*ZETA(I)
C ACCOUNTING FOR NONLINEAR CHARACTERISTICS OF RECEPTORS
C (A FUNCTION OF ADAPTING LEVELS)
BlRo(I) = (6.469 + 6.362*(Ro(I.)**(0.4495)))/(6.469 + Ro(I)**(0.4495))
BlGo(I) = (6.469 + 6.362*(Go(I)**(0.4495)))/(6.469 + Go(I)**(0.4495))
B2Bo(I) = 0.7844*(8.414 + 8.091*(Bo(I)**(0.5128)))/(8.414 + Bo(I)**(0.5128))
C CALCULATE NORMALIZING CONSTANT SPECIFIED BY NORMALIZING
C ILLUMINANT
BlLor(6.469 + 6.362*(Lor**0.4495))/(6.469 + Lor**0.4495)
C DETERMINING THE MYSTERIOUS "e" FACTORS
IF(R.GE.20.0*XI) THEN
eofR= 1.758
ELSE
eofR= 1.0
ENDIF
IF(G/GE.20.0*ETA) THEN
eofG = 1.758
ELSE
eofG = 1.0
ENDIF
C DEFINING THE FORU UNIQUE HUE ANGLES
tR = 20.14
tY = 90.00
tG = 164.25
LB = 231.00
C VALUES FOR e SUB s'S
esR = 0.8
esY = 0.7
esG=1.0
esB = 1.2
C CALCULATING COLOR PERCEPTIONS
Q(I) = (41.69/BlLor)*
* ((2.0/3.0)*BlLor(I)*eofR*LOG10((R + 1.0)/(20.0*XI + 1.0))
* + (1.0/3.0)*BlGoa)*eofG*LOG10((G+1.0)/(20.0*ETA-1.0)))
XT(I) = 488.93/BlLor*
* (BlRo(I)*LOG10((R+1.0)/(capYo*XI + 1.0))
*
-(12.0/1 1.0)*BlGo(I)*LOG10((G+1.0)/(capYo*ETA+1.0))
* +(1.0/1 1.0)*B2Bo(I)*LOG10((B+1.0)/(capYo*ZETA+1.0)))
XP(I) = 488.93/BlLor*
* ((1.0/9.0)*BlRo(I)*LOG10((R+1.0)/(capYo*XI + 1.0))
* +(1.0/9.0)*BlGo(r)*LOG10((G+1.0)/(capYo*ETA+1.0))
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*
-(2.0/1 1.0)*B2Bo(I)*LOG10((B+1.0)/(capYo*ZETA+1.0)))
1 CALCULTATING THETA
THETA = ARCTAN(XT(I)/XP(I))
: CALCULTATING THE ECCENTRICITY FACTORS e SUB s OF THETA
PhiRB = 149.14
PhiYR = 69.86
PhiGY = 74.25
PhiBG = 66.75
C
IF(THETAa)-GE.0.0).AND.(THETAa).LT.tJ*))THEN
esT = THETA(I)+360.0-tB)*esR + (tR-THETA(I))*esB)/PhiRB
ELSEIF((THETAa).GE.tR).AND.(THETA(I).LT.tY))THEN
esT = ((THETAa)-tR)*esY + (tY-THETA(I))*esR)/PhiYR
EI^EIF({THETAa).GE.tY).AND.(THETA(I).LT.tG))THEN
esT = ((THETA(I)-tY)*esG + (tG-THETAa))*esY)/PhiGY
ELSEIF((THETAa).GE.tG).AND.(THETA(I).LT.tB))THEN
esT = ((THETA(I)-tG)*esB + (tB-THETA(I))*esG)/PhiBG
EI^EIF((THETAa).GE.tB).AND.(THETAa).LT.360.0))THEN
esT = ((THETA(I)-tB)*esR + (tR-THETA(I))*esBO)/PhiRB
ENDIF
C
T(I) = XTa)*esT
P(I) = XP(I)*esT
C CALCULATING BRIGHTNESS AND COLORFULNESS
Br(I) = (41.69/BlLor)*
* ((2.0/3.0)*BlRo(I)*eofR*LOG10((R + 1.0)/(20.0*XI + 1.0))
* + (1.0/3.0)*BlGo(I)*eofG*LOG10((G+1.0)/(20.0*ETA-1.0)))
* + (50.0/BlLor)*((2.0/3.0)*BlRo(I) + (1.0/3.0)BlGoa))
C CALCULATING BRIGHTNESS OF A WHITEWITH Y=100.0 UNDER TEST
C ILLUMINANT AND ILLUMINANCE (TLL. C AT 500 LUX)
Rw = 0.40024*98.0708+0.70760*100.0-0.08081*118.1847
Gw = -0.22630*98.0708+1.16532*100.0+0.04570*118.1847
Brw(I) = (41.69/BlLor)*
* ((2.0/3.0)*BlRo(I)*eofR*LOG10((Rw + 1.0)/(20.0*XI + 1.0))
* + (1.0/3.0)*BlGo(I)*eofG*LOG10((Gw+1.0)/(20.0*ETA-1.0)))
* + (50.0/BlLor)*((2.0/3.0)*BlRo(I) + (1.0/3.0)BlGo(I))
C CALCULATING BRIGHTNESS OF A WHITE WITH Y=100.0 UNDER TEST
C ILLUMINANT AND ILLUMINANCE (ILL. C AT 500 LUX)
RwD65 = 0.40024*95.0456+0.70760*100.0-0.08081*108.9056
GwD65 = -0.22630*95.0456+1.16532*100.0+0.04570*108.9056
BrwD65 = (41.69/BlLor)*
* ((2 0/3.0)*BlRo(I)*eofR*LOG10((RwD651.0)/(20.0*XI + 1.0))
* + (1.0/3.0)*BlGo(I)*eofG*LOG10((GwD650)/(20.0*ETA-1.0)))
* + (50.0/BlLor)*((2.0/3.0)*BlRo(I) + (1.0/3.0)BlGo(I))
C CALCULATING COLORFULNESS
M(I) = ((T(I)**2.0+P(I)**2.0)**0.5)*(Brw(I)/BrwD65a))
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Mrg(I) = T(I)*(Brw/BrwD65)
MybQ = P(I)*(Brw/BrwD65)
C CALCULATING LIGHTNESS AND CHROMA
q2(I) = (3.0*Qa)*BlLor)/41.69
*
-(2.0*B lRo(2)*eofR*LOG10((capYo*XI(2)+l .0)/(20.0*XI(2)+l .0))
* +BlGo(2)*eofG*LOG10((capYo*ETA(2)+1.0)/(20.0*ETA(2)+1.0))
t2(I) = (11.0*T(2)*BlLor)/(488.93*esT)
p(T) = (H.0*P2)*BlLor)/(488.93*esT)
C CALCULATING R(2), G(2), AND B(2)
Kr(l) = (23.0*q2(l) + (2.0*t2(l)+p2(l))*eofG)/(23.0*(2.0*eofR + eofG))
Kg(l) = (23.0*q2(l) + (2.0*t2(l)+p2(l))*eofR)/(23.0*(2.0*eofR + eofG))
Kb(l) = (23.0*q2(l) - (2.0*eofR-eofG)*t2(l)-
(24.0*eofR+11.0*eofG)*p2(l))/(23.0*(2.0*eofR+eofG))
R(2) = (10.0**(Kr/BlRo(2)))*(capYo*XI(2)+1.0))-1.0
G(2) = (10.0**(Kg/BlGo(2)))*(capYo*ETA(2)+1.0))-1.0
B(2) = (10.0**(Kb/BlBo(2)))*(capYo*ZETA(2)+1.0))-1.0
C TRANSFORMING TO FIND X(2), Y(2), AND Z(2)
X(2) = 1.85992*R(2)-1.12938*G(2)+0.21990*B(2)
Y(2) = 0.361 19*R(2)+0.63881*G(2)+0.00001*B(2)
Z(2) = 1.08906*B(2)
C CALCULATING BRIGHTNESS-COLORFULNESS B-M CHROMATIC
C ADAPTATION
br(2) = (3.0*BlLor/41.69)*(Br(l)-
* (50.0/BlLor)*((2.0/3.0)*BlRo(2)+(1.0/3.0)*BlGo(2))
*
-(2.0*BlRo(2)*eofR*LOG10((capYo*XI(2)+1.0)
* /(20.0*XI(2)+1.0))
* +BlGo(2)*eofG*LOG10((capYo*EAT+1.0)/(20.0*ETA(2) + 1.0))
mRG2 = (11.0*Mrg(l)*BlLor)/((Brw(2)/BrwD65(l))*(488.93*esT))
mYB2 = (9.0*Myb(l)*BlLor)/((Brw(2)/BrwD65(l))*(488.93*esT))
C
Kr(2) = (23.0*br2 + (2.0*mRG2+mYB2)*eofG)/(23.0*(2.0*eofR + eofG))
Kr(2) = (23.0*br2 + (2.0*mRG2+mYB2)*eofr)/(23.0*(2.0*eofR + eofG))
Kb(2) = (23.0*br2 - (2.0*eofR-eofG)*mRG2-
(24.0*eofR+11.0*eofG)*mYB2)/(23.0*(2.0*eofR+eofG))
R(2) = (10.0**(Kr(2)/BlRo(2)))*(capYo*XI(2)+1.0))-1.0
G(2) = (10.0**(Kg(2)/BlGo(2)))*(capYo*ETA(2)+1.0))-1.0
B(2) = (10.0**(Kb(2)/B2Bo(2)))*(capYo*ZETA(2)+1.0))-1.0
C
C TRANSFORMING TO FIND X(2), Y(2), AND Z(2)
X(2) = 1.85992*R(2)-1.12938*G(2)+0.21990*B(2)
Y(2) = 0.36119*R(2)+0.63881*G(2)+0.00001*B(2)
Z(2) = 1.08906*B(2)
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APPENDIX E
The following tables contain observer data that was averaged, converted to tristimulus
values (for Illuminant C), and passed through the Hunt and Nayatani models for their
colorfulness and chroma predictions. Plots 6-1 through 6-12 were made from this data.
The columns in each table use the symbol ILL. to representmatching scene
illuminance in Lux, HM to represent Hunt colorfulness, NM to represent Nayatani
colorfulness, HC to represent Hunt chroma, and NC to represent Nayatani chroma.
HAPLO. DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 50.325 65.618 77.232 65.617
1000 55.508 81.943 76.839 72.721
2000 60.700 97.392 76.606 77.691
4000 67.175 114.660 76.846 83.842
HAPLO. VALUE 3/ DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 39.862 84.995 44.750 84.994
1000 46.963 109.343 47.781 97.038
2000 48.947 122.605 46.535 97.804
4000 54.431 142.731 47.526 103.848
HAPLO. VALUE 5/ DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 59.605 73.406 88.898 73.404
1000 65.280 90.000 88.528 79.872
2000 73.268 110.526 90.370 88.168
4000 80.673 129.413 90.355 94.158
HAPLO. VALUE 7/ DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 58.014 52.321 95.868 52.320
1000 60.978 63.320 90.909 56.194
2000 65.885 75.775 88.287 60.446
4000 72.921 91.610 88.476 66.653
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HAPLO. RED DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 49.041 73.816 73.523 73.814
1000 55.886 92.996 75.426 82.530
2000 60.641 108.010 74.933 86.161
4000 67.692 125.787 75.950 91.521
HAPLO. GREEN DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 50.235 59.160 74.905 59.158
1000 56.351 75.310 75.068 66.834
2000 62.827 90.585 76.615 72.260
4000 68.745 106.431 75.976 77.436
HAPLO. YELLOW DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 56.920 69.119 110.774 69.117
1000 64.571 87.985 112.693 78.082
2000 72.425 107.253 113.582 85.557
4000 80.160 125.464 113.085 91.285
HAPLO. BLUE DATA (Haploscopic Technique)
ILL. HM NM HC NC
500 57.921 84.621 65.046 84.620
1000 61.214 104.207 61.804 78.082
2000 64.625 121.353 59.973 96.805
4000 71.970 145.893 61.011 106.148
SII DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 50.621 66.081 77.551 66.080
1000 57.501 84.631 79.830 75.105
2000 63.278 101.930 79.562 81.111
4000 70.266 119.571 80.259 87.015
SH VALUE 3/ DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 41.670 88.615 46.486 88.613
1000 45.533 106.476 46.289 94.493
2000 49.578 124.374 47.240 99.215
4000 55.582 144.913 49.212 105.436
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SH VALUE 5/ DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 58.162 71.317 86.793 71.315
1000 68.528 94.977 92.926 84.289
2000 76.066 116.681 93.321 92.479
4000 85.725 137.725 96.109 100.260
Sn VALUE 7/ DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 58.721 52.458 96.676 52.457
1000 65.197 67.812 96.644 60.180
2000 71.909 83.762 96.066 66.818
4000 77.080 97.023 92.621 66.653
SU RED DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 49.638 74.828 74.561 74.826
1000 54.761 90.619 74.355 80.421
2000 60.851 109.448 74.756 87.308
4000 69.389 129.332 79.006 94.100
SH GREEN DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 49.566 58.345 73.761 58.344
1000 59.270 78.104 80.300 69.314
2000 66.935 97.010 82.166 77.386
4000 72.376 110.695 80.872 80.539
SH YELLOWDATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 56.822 68.497 110.635 68.495
1000 66.217 92.392 116.514 81.988
2000 73.736 112.868 116.162 89.238
4000 80.774 127.231 114.176 92.643
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Sn BLUE DATA (Simultaneous Inspection)
ILL. HM NM HC NC
500 58.923 86.722 65.875 86.720
1000 65.972 109.531 66.763 97.205
2000 71.162 129.701 66.137 103.464
4000 78.806 155.587 66.885 113.201
SUI DATA (Successive Inspection)
ILL. HM NM HC NC
500 49.916 65.259 76.407 65.257
1000 58.111 85.414 80.634 75.801
2000 64.145 103.567 80.704 82.617
4000 69.853 120.137 80.177 87.409
SUI VALUE 3/ DATA (Successive Inspection)
ILL. HM NM HC NC
500 41.556 88.459 46.242 88.458
1000 46.874 109.381 48.199 97.072
2000 52.213 130.370 49.590 103.998
4000 57.296 149.826 50.248 109.010
SUI VALUE 5/ DATA (Successive Inspection)
ILL. HM NM HC NC
500 58.138 71.52 87.214 71.524
1000 68.726 94.861 93.041 84.185
2000 77.130 117.391 95.497 93.644
4000 82.532 133.545 93.468 97.164
SUI VALUE II DATA (Successive Inspection)
ILL. HM NM HC NC
500 56.832 49.987 93.388 49.985
1000 66.377 68.722 98.468 60.988
2000 71.083 82.901 94.911 66.131
4000 77.720 98.475 93.895 71.648
SUI RED DATA (Successive Inspection)
ILL. HM NM HC NC
500 49.108 74.245 73.440 74.243
1000 57.098 94.717 78.092 84.057
2000 63.178 112.686 78.648 89.891
4000 70.403 131.781 80.102 95.882
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SUI GREEN DATA (Successive Inspection)
ILL. HM NM HC NC
500 50.790 59.929 75.785 59.928
1000 59.151 78.163 79.953 69.367
2000 66.256 95.478 81.391 76.164
4000 71.898 111.154 79.884 80.873
SUI YELLOW DATA (Successive Inspection)
ILL. HM NM HC NC
500 56.215 67.075 109.037 67.073
1000 65.921 91.480 115.849 81.184
2000 73.985 112.591 116.666 89.815
4000 82.699 133.296 117.678 96.983
SUI BLUE DATA (Successive Inspection)
ILL. HM NM HC NC
500 56.940 84.745 63.616 84.743
1000 66.823 1 10.586 67.552 98.141
2000 72.283 133.304 66.658 106.338
4000 76.451 153.054 64.846 111.358
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APPENDIX F
Haploscopic Experiment:
Average of Red Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-l. Haploscopic Technique: Model predictions of average observations for
red Munsell samples.
Haploscopic Experiment:
Average ofGreen Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure F-2. Haploscopic Technique: Model predictions of average observations for
green Munsell samples.
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Haploscopic Experiment:
Average of Yellow Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-3. Haploscopic Technique: Model predictions of average observations for
yellow Munsell samples.
Haploscopic Experiment:
Average of Blue Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure F-4. Haploscopic Technique: Model predictions of average observations for
Blue Munsell samples.
151
Simultaneous Inspection:
Average of Red Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-5. Simultaneous Inspection: Model predictions of average observations
for red Munsell samples.
Simultaneous Inspection:
Average ofGreen Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-6. Simultaneous Inspection: Model predictions of average observations
for green Munsell samples.
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Simultaneous Inspection:
Average ofYellow Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure F-7. Simultaneous Inspection: Model predictions of average observations
for yellowMunsell samples.
Simultaneous Inspection:
Average of Blue Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure F-8. Simultaneous Inspection: Model predictions of average observations
for blue Munsell samples.
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Successive Inspection:
Average of Red Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-9. Successive Inspection: Model predictions of average observations for
red Munsell samples.
Successive Inspection:
Average ofGreen Observations
500 1000 1500 2000 2500
Illuminance (Lux)
3000 3500 4000
Figure F-10. Successive Inspection: Model predictions of average observations for
green Munsell samples.
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Successive Inspection:
Average of Yellow Observations
1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-1I. Successive Inspection: Model predictions of average observations for
yellow Munsell samples.
Successive Inspection:
Average of Blue Observations
500 1000 1500 2000 2500 3000
Illuminance (Lux)
3500 4000
Figure F-12. Successive Inspection: Model predictions of average observations for
blue Munsell samples.
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APPENDIX G
The following tables contain Hunt and Nayatani predictions in Munsell space for each
sample and illuminance condition.
Color Appearance Predictions of the Hunt and Nayatani Models in Munsell Space
Reference illuminance: 500 lx
Matching illuminance: 1000 lx
REF. SAMPLE HUNT PREDICTIONS NAYATANI PREDICTIONS
5R 5/14 5. 1R 4.5/12.7 4.9R 5.0/12.3
5PB 3/10 4.9PB 2.7/9.3 4.1PB 3.2/9.0
2.5G 3/10 2.5G 2.7/9.4 2.9G 3.2/8.7
5Y5/8 5.3Y 4.5/7.5 5.4Y 5.0/7.0
5R 7/10 5. 1R 6.3/9.2 5.3R 6.7/8.6
5Y 7/12 5.3Y 6.3/1 1.1 5.7Y 6.7/10.5
2.5G 5/12 2.5G 4.5/1 1.1 2.6G 5.0/10.5
5PB 5/12 4.8PB 4.5/11.1 3.8PB 5.0/10.2
2.5G 7/10 2.5G 6.3/9.3 2.4G 6.7/8.6
5Y 8.5/14 5.3Y 7.7/12.8 5.7Y 8.0/12.0
5R 3/10 5.8R 2.7/9.4 4.4R 3.2/9.4
5PB 7/8 4.8PB 6.3/7.5 4.0PB 6.7/6.5
Color Appearance Predictions of the Hunt and Nayatani Models in Munsell Space
Reference illuminance: 500 lx
Matching illuminance: 2000 lx
REF. SAMPLE HUNT PREDICTIONS NAYATANI PREDICTIONS
5R 5/14 5.2R 4.1/1 1.6 4.7R 5.0/11.1
5PB 3/10 4.9PB 2.3/8.6 3.6PB 3.4/8.2
2.5G 3/10 2.4G 2.3/8.9 3.3G 3.4/7.7
5Y5/8 5.5Y 4.0/7.0 5.8Y 5.0/6.2
5R 7/10 5.0R 5.7/8.4 5.4R 6.5/7.6
5Y 7/12 5.6Y 5.7/10.3 6.2Y 6.5/9.3
2.5G5/12 2.4G 4.1/10.2 2.7G 5.0/9.4
5PB 5/12 4.8PB 4.1/10.2 3.1PB 5.0/8.9
2.5G 7/10 2.4G 5.7/8.6 2.3G 6.5/7.6
5Y 8.5/14 5.6Y 7.0/11.8 6.4Y 7.7/10.6
5R 3/10 6.7R 2.3/8.8 3.9R 3.4/8.8
5PB7/8 4.6PB 5.7/7.0 3. 1PB 6.5/5.5
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Color Appearance Predictions of the Hunt and Nayatani Models in Munsell Space
Reference illuminance: 500 lx
Matching illuminance: 4000 lx
REF. SAMPLE HUNT PREDICTIONS NAYATANI PREDICTIONS
5R 5/14 5.5R 3.6/10.5 4.7R 5.0/10.2
5PB 3/10 4.8PB 2.0/7.8 3.2PB 3.5/7.5
2.5G 3/10 2.3G 2.0/8.4 3.5G 3.5/6.9
5Y5/8 5.7Y 3.6/6.5 6.0Y 5.0/5.7
5Y 7/10 5.2R 5.2/7.5 5.5R 6.40/6.9
5Y 7/12 5.8Y 5.2/9.5 6.5Y 6.4/8.4
2.5G 5/12 2.3G 3.6/9.7 2.7G 5.0/8.4
5PB 5/12 4.8PB 3.6/9.3 2.5PB 5.0/7.9
2.5G 7/10 2.3G 5.2/8.0 2.3G 6.4/6.8
5Y 8.5/14 6.0Y 6.3/10.9 6.8Y 7.4/9.5
5R 3/10 7.5R 2.0/8.2 3.6R 3.5/8.3
5PB 7/8 4.4PB 5.2/6.5 2.7PB 6.4/4.9
Color Appearance Predictions of the Hunt and Nayatani Models in Munsell Space
Reference illuminance: 1000 lx
Matching illuminance: 100 lx
REF. SAMPLE HUNT PREDICTIONS NAYATANI PREDICTIONS
5R 5/10 5.0R 7.0/13.5 5.6R 5.0/15.2
5PB 7/4 5.0PB 9.6/4.1 7.5PB 8.3/8.6
5Y 8.5/10 3.7Y 10.0/11.5 2.5Y 10.0/16.2
2.5G 5/8 2.6G 7.0/10.2 2.2G 5.0/13.1
5R7/6 5.3R 9.6/7.1 2.7R 8.3/9.8
2.5G 3/6 2.5G 4.3/7.1 1.2G 2.1/10.1
5PB 3/6 5.2PB 4.3/8.2 5.7PB 2.1/8.4
5Y5/4 3.9Y 7.0/5.5 4.5Y 5.0/6.4
2.5G 7/6 2.3G 9.6/6.4 3.4G 8.3/9.9
5R3/6 4.6R 4.3/8.4 9.9R 2.1/8.5
5PB 5/8 5.3PB 7.0/9.8 6.9PB 5.0/14.8
5Y7/8 3.8Y 9.6/10.6 3.0Y 8.3/13.5
MEMORY MATCHING SAMPLES
REF. SAMPLE HUNT PREDICTIONS NAYATANI PREDICTIONS
5R 5/10 5.5R 3.6/7.4 4.6R 5.0/7.4
2.5G 5/8 2.4G 3.6/6.5 2.8G 5.0/5.7
5PB5/8 4.8PB 3.6/6.1 3.4PB 5.0/5.3
5Y7/8 5.9Y 5.2/6.1 6.0Y 6.4/5.5
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APPENDLX H
The following spectroradiometric data was collected from measurements taken of the
modified light booth (used during all visual observations). These measurements were
made using a Photo-Research SpectraView spectroradiometer.
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